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SUMMARY 


A  oreliminarv  approach  to  system  identification  is  introduced  in  which  a 
/n  felled  loop  tracking  task  is  modeled  in  a  Proportional  Integral  De- 
”  rlt  ^P?Df mannL!  In  oJder  to  obtain  a  PID  type  model  for  man's  transfer 
rivative  variables  had  to  be  selected  in  a  proper  manner. 

Tirpir^vpe  model  presented  here  is  an  approximation  and  is  accurate  within 
the  linear  representation  of  man’s  transfer  function.  Closed  loop  remnant 
1  •  imv  also  influence  PID  parameters.  Therefore,  an  investigation  of 
himan  remnant  (remnant  reflected  at  the  human's  observation  point)  was  also 
studied  This  tvpe  of  modeling  approach  yields  interesting  results  on  the 
^nnef  In  which  mL  uses  the  displayed  error  signal  to  generate  his  stick  re- 
ThP  data  base  for  this  study  includes  motion  cues  of  a  rolJ  axi-S 
tracking  task  and  also  a  peripheral  display  experiment,  both  of  which  studie 
effects  on  tracking  performance. 


INTRODUCTION 


h  k  The  ontimal  control  models  can  be  considered  as  methods  to  predict  pe. 

^  ni  in  tirSturr  (this  may  be  termed  "A  Priori"  modeling  ).  xhe  ap- 
lormance  in  future  ttWs  Y  ^  happened  in  the  past 

/u  So  Lta  h..  boo®  coUoctod  (thl.  .ay  bo  bor..d 
"A  Posteriori'’  modeling.)  The  modeling  technique  presented  here  can  be  used 
eSrSteSSe  rarfheS  ieen  collected;  this  technique  cannot  be  used  to  pro- 


*The  research  reported  in  this  paper  was  sponsored  by  Aerospace  Medical 
ResearS  llboStory,  Lro.pace  Medical  Division.  Air  Pore.  Systems  C^nd, 
Ur’ght-Pattetson  Air  Force  Base,  Ohio  45433.  Further  reproduction  is 

authorized  to  satisfy  needs  of  the  U.S.  Government. 
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diet  performance  ahead  of  time  as  compared  to  the  optimal  (A  Priori)  control 
type  models.  The  approach  presented  here  combines  modern  control  theory  tech¬ 
niques  (a  least  squares  iden ;if ication  algorithm)  with  describing  function 
techniques.  A  study  of  human  remnant  effects  must  be  considered  and  a  rudi¬ 
mentary  statistical  analysis  is  done.  It  is  emphasized  here  that  the  results 
obtained  are  only  preliminary  because  of  some  approximations  which  must  be 
made  in  the  sequel  of  this  paper.  It  will  take  a  more  complete  study  to  con¬ 
sider  this  problem  without  the  approximations. 


Description  of  the  Data  Base  Used 

The  study  of  motion  effects  on  man  and  peripheral  displays  is  extensive 
as  indicated  in  the  work  of  Shirley,  reference  (3),  Young,  reference  (4), 
Stapleford,  reference  (5),  Ringland,  reference  (6),  and  others.  The  data 
base  from  the  roll  axis  tracking  study  used  here  differs  from  the  data  used  in 
the  above  references  by  the  following: 

(1)  The  roll  motion  in  the  Aerospace  Medical  Research  Laboratory  (AMRL) 
study  was  strictly  in  the  roll  axis  with  no  washout  circuits  built  in  to  aline 
the  g-vector  with  the  spine  of  the  subject. 

(2)  In  the  AMRL  motion  study,  the  input  was  purely  a  command  signal; 
i.e.tihe  plant  was  driven  only  by  the  subject’s  control  inputs.  In  the  earlier 
studies,  the  input  disturbance  was  applied  in  such  a  manner  that  both  the  vis¬ 
ual  display  and  the  motion  simulation  were  driven  by  the  input  (i.e.  the  in¬ 
put  was  applied  essentially  in  parallel  with  the  pilot’s  control). 

U)  The  plant  dynamics  in  the  /d-lRL  study  were  higher  order  tlian  those  in 
the  previous  studies. 

Reasons  (2)  and  (3)  were  pointed  out  by  W.  Levison,  reference  (7)  and  in 
the  report  by  Levison  and  Baron,  reference  (8).  In  the  report,  reference  (8), 
phase  droop  was  identified  as  one  of  the  important  factors  which  is  a  conse¬ 
quence  of  motion  effects  and  also  they  were  able  to  predict  (in  an  A  Priori 
manner)  when  motion  would  help  performance  for  simplier  plant  dynamics  as  a 
function  of  attention  allocation.  The  data  base  discussed  in  this  paper  has 
been  discussed  by  Junker  and  Price,  reference  (9),  Moriarty,  reference  (10), 
and  Price,  reference  (11),  and  details  of  the  particular  experiment  can  be 
found  in  any  of  these  references.  It  is  noted  that  some  of  the  analytic  re¬ 
sults  presented  here  for  this  motion  study  may  not  be  in  complete  agreement 
with  the  analytic  results  of  previous  studies,  references  (3, 4, 5, 6).  The  pri¬ 
mary  reason  for  this  fact  is  that  different  simulators  were  used.  Since  the 
study  of  motion  effects  is  a  very  deep  and  complex  area,  the  analytic  results 
from  different  simulators  should  be  considered  separately.  Perhaps  if  the 
analytic  techniques  presented  here  were  applied  to  the  earlier  data,  the  same 
conclusions  would  have  been  obtained. 

The  Tracking  Problem  of  Interest 

With  reference  to  Figure  fla)  .  the  typical  iran-in-tbe~3nnn  .nrohlrf^m 
illustrated.  The  input  forcing  function  is  a  sum  of  sine  waves  with 
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randomized  initial  phase  angles.  e(t)  denotes  the  displayed  error  signal  and 
st(t)  denotes  the  stick  output  signal  of  man  (rate  command).  The  machine  de¬ 
notes  all  non-human  elements  appearing  in  the  closed  loop  which  includes  the 
effects  of  the  display  and  other  non-human  factors.  For  the  data  presented 
here,  the  plant  had  dynamics  characterized  by: 

„/  V  _  14.0 

"  s^(l+s/.5)(l+s/6.)  (1) 

Although  this  plant  appears  very  difficult  to  control,  the  input  forcing  func¬ 
tion  to  the  closed  loop  had  a  1/2  power  point  at  0.5  radians;  hence  this  plant 
is  actually  between  second  and  third  order  (with  respect  to  the  input  forcing 
function). 

Three  modes  of  operation  were  considered  in  this  study,  they  were 

(1)  Static 

(2)  Motion 

(3)  Peripheral 

where  the  motion  mode  of  operation  was  in  the  roll  axis  and  the  peripheral 
mode  consisted  of  TV  monitors  mounted  on  the  side  of  the  simulator  in  a  fixed 
base  situation.  Details  of  different  aspects  of  this  experiment  can  be  found 
in  references  (8,9,10,11). 

It  is  interesting  to  observe  how  performance  in  the  closed  loop  changed 
during  the  three  possible  modes  of  operation.  Of  the  five  subjects  involved 
in  this  experiment.  Table  1  illustrates  the  performance  results  averaged  over 
the  subjects  after  a  sufficient  training  period  for  the  same  plant  and  input. 

From  Table  1,  it  is  observed  that  the  peripheral  (fixed  base)  mode  of 
operation  was  apparently  as  helpful  in  improving  performance  (using  the  static 
case  as  a  reference  point)  as  compared  to  the  motion  case  (which  is  a  moving 
base  simulation).  These  results  made  the  data  base  very  attractive  to  study 
and  also  to  apply  some  new  analysis  techniques. 


The  PID  Modeling  Approach 

With  reference  to  Figure  (lb),  an  internal  loop  approach  will  be  consid¬ 
ered.  This  can  only  be  done  if  the  measured  time  series  e(t)  and  st(t)  are 
available  to  do  the  modeling.  For  this  study,  e(t)  and  st(t)  were  stored  on 
magnetic  tape  and  represent  the  input  (displayed  error)  and  output (force  stick 
response)  of  the  man.  By  taking  this  internal  loop  approach,  certain  advan¬ 
tages  exist  for  purposes  of  modeling.  With  reference  to  Figure  (lb),  st(t) 
denotes  the  estimate  of  st(t)  from  the  computer  model.  The  output  modeling 
error  in  Figure  (lb)  represented  the  difference  between  the  true  data  st(t) 
and  the  estimate  ^t(t)  from  the  computer  model.  Ideally  we  would  like  to  have 
the  output  modeling  error  identically  zero;  in  this  manner  the  model  and  the 
man  would  agree  exactly.  In  the  true  application,  however,  the  output 
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modeling  error  is  never  zero  due  to  many  sources  of  uncertainty  (including 
human  remnant).  There  are  two  reasons  why  this  internal  loop  approach  nas  ad¬ 
vantages  for  modeling.  First,  when  remnant  is  modeled  in  a  closed  loop,  it  is 
best  represented  by  a  point  injected  (vector)  noise  source  at  the  point  e(t). 
This  has  been  discussed  by  Jex,  Allen,  and  Magdaleno,  reference  (p) .  The 
variance  of  the  remnant  injected  noise  source  when  normalized  with  respect  to 
the  magnitude  of  the  closed  loop  error  signal  is  down  to  almost  -20db  as  a 
colored  noise  source  for  most  practical  plants.  Using  the  number  .Olr  as  a 
magnitude  relationship,  one  can  expect  by  going  internal  to  the  loop  t._.at  a  3^ 
i4ut  to  a  linear  system  will  only  affect  the  output  by  3/.  when  normalized. 
Thus  remnant  will  not  distort  the  modeling  answers  by  that  much  of  a  factor. 

It  is  true  for  this  particular  plant  that  the  remnant  spectrum  was  higner  on  a 
db  scale  (a  high  lead  case)  when  normalized  but  the  above  argument  still 
holds.  A  second  advantage  in  this  internal  loop  approach  is  that  modeling  is 
a  correlation  between  the  input  and  the  output  time  series.  A  white  injected 
noise  at  the  point  e(t)  does  not  influence  correlation  because  the  noise 
source  is  white.  Hence  the  remnant  will  only  bias  the  variance  of  the  output 
modeling  error  and  not  directly  affect  the  linear  model  obtained. 


Motivation  (For  Physiological  Studies)  For  a  PID  Structure 

With  reference  to  Figure  (2),  it  is  desired  to  replace  the  man  in  the_ 
closed  loop  by  a  PID  type  structure.  This  approach  to  modeling  is  not  limited 
to  iust  man-in-the-loop  problems  but  can  be  applied  to  any  two  measured  time 
se-ies  (for  this  case  e(t)  and  st(t))  which  may  result  from  any  biological 
process.  The  representation  transfer  function  of  the  man-in-the-loop  is  spec- 
iiied  by: 

Man  =  G(s)  =  a^+a^s+a2S^+—  + 

where  s  indicates  the  Laplace  transform  operator.  The  advantages  of  this  sim¬ 
ple  type  structure  to  investigate  how  the  input-output  time  series  are  related 
can  be  seen  by  rewriting  equation  (2)  as  follows: 

c^ 

Man  =  a^[l.+c^s+C2S^+^3/s+ (3) 

where  the  terms  Ci  and  02  indicate  the  ability  of  the  man  to  differentiate  and 
C,  CA  indicate  how  memory  (or  integration)  is  being  used.  The  term  a^  de¬ 
pends  on  the  display  gain,  stick  gain,  scaling  and  other  factors.  Wit.n  rerer- 
ence  to  equation  (3),  and  recalling  the  classical  definition  or  pilot  lead 
(displayed  in  Figure  (3)),  one  can  relate  pilot  lead  to  the  bracketed  terms  of 
equation  (3).  The  terms  cj^  and  C2  may  be  dominant  with  respect  to  1  ir  t^y 
are  non  zero.  Also,  the  memory  terms  C3  and  C4  may  or  may  not  be  zero.  The 
question  of  the  existence  of  the  coefficients  (being  non  zero)  can  only  be 
answered  in  a  statistical  manner.  The  choice  of  the  form  of  equation  C3)  in¬ 
cluding  the  terms  C3  and  C4  was  chosen  for  tracking  tasks  which  may  not  be 
connensatory.  Tn  rhe  well  known  hook  of  Sheridan  and  Ferrell,  reference  (13), 
it  is  mentioned  that  the  three  hierarchies  of  tasks  (precognitive,  pursuit, 


706 


X 


I 

1 


1 


} 


and  compensatory)  are  of  interest  in  the  study  of  man-machine  systems.  The 
choice  of  the  structure  given  in  equation  (3)  was  motivated  by  the  need  to 
nave  a  modeling  approach  applicable  for  all  types  ot  tasks  (precognitive ,  pur¬ 
suit,  and  compensatory). 

It  is  now  necessary  to  consider  two  basic  problems  that  arise.  First,  we 
must  determine  (i  *  0,-34)  given  in  equation  (2)  and  secondly  it  is  neces¬ 
sary  to  implement  this  modeling  approach. 

The  Technical  Approach  to  Determine  the  PID  Coefficients 

Laplace  transforming  equation  (2)  yields: 

4  3  2 

.  a^s  +a  s  +a^s+a, 

ST  (s)  ^  2  1  o  3  4 


in  order  to  apply  state  variables  to  such  an  expression  as  equation  (4),  cer¬ 
tain  difficulties  arise.  Taking  the  reciprocal  of  both  sides  of  equation  (4) 
Yields : 


E  (s)  ^  _ 

ST  (s)  aTS''+a. s-^+a  s“+aTS+a,  ,,, 

i  O  J  4  {D) 

In  the  time  domain,  this  can  be  written 

e  +ai  e  +  a  e+a^e+a.e  =  st 
2  1  o  3  4  (6) 

For  simplicity,  equation  (6)  will  be  written: 

e  ^  ’^^7  e+b^e+b^e  =  b^st  (7) 

It  is  necessary  to  now  discuss  what  physically  occurred  in  the  transition  from 

equation  (4)  to  equation  (5).  In  order  to  determine  the  coefficients  bj^, - 

b5,  an  input  error  identification  procedure  must  be  used.  This  is  a  conse¬ 
quence  of  going  from  equation  (4)  to  (5). 

With  reference  to  Figure  (4),  a  comparison  between  output  error  identifi¬ 
cation  and  input  error  identification  is  illustrated.  For  input  error  identi¬ 
fication,  st(t)  is  the  input  into  the  computer  model  and  ^(t).  is  the  best  es¬ 
timate  of  e(t)  generated  by  the  computer  model.  Input  error  identification 
has  been  used  by  Shinners  (14)  ,  and  is  used  commonly  in  Europe  as  discussed  by 
Astrom,  reference  (15).  In  order  to  implement  this  type  of  identification, 
the  input-output  data  channels  have  to  be  switched  in  order  and  the  time  lag 
(approximately  .2  seconds)  is  accounted  for  in  the  input-output  data  by  a 
shift  of  an  integral  multiple  of  the  sampling  rate  (25  hz) .  The  time  lag  is 
actually  positive  with  this  type  of  shlfL  uii  the  data  channels.  It  is  noted 
that  input  error  identification  has  advantages  over  output  error  identifi- 
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cation  if  e(t)  is  known  with  more  certainty  (i.e.,  less  noise)  than  st(t). 

The  choice  of  the  modeling  approach  may  depend  on  the  type  of  data  available. 


Implementation  of  the  PID  Model 

In  order  to  implement  equation  (7),  the  following  state  variables  are 
chosen: 

x^(t)  -  e(t) 

x^(t)  =  ^2 

X  (t)  =  X-  +  b-  st(t) 

2  3  5 

^(t)  = 

and  X,  satisfies  equation  (7). 

4 

Differentiating  the  state  vector  yields  the  following  state  equations: 

X  =  Ax  +  B  st(t) 

y(t)  -Hi  =  [1,  0,  0,  0]  I  =  e(t)  (9b) 

Where : 


It  is  noted  that  the  matrix  is  observable  but  A  may  not  be  stable 

(for'b^>o).  The  &.B]  matrix  is  in  a  form  in  which  it  cannot  be  determined  if 
it  is  controllable  due  to  the  non-linear  relationships  which  appear  in  the 
third  and  fourth  elements  of  B.  It  would  be  necessary  to  now  implement  a  con¬ 
strained  (with  these  non-linear  constraints)  least  squares  algorithm  on  the 
unknowns  b^, — 5^5*  reasons  to  be  mentioned  in  the  sequel,  the  following 

approach  is  chosen  to  implement  this  method.  Choose: 


(8d) 


(9a) 


(8a) 

(8b) 

(8c) 


i 


U  K  free  There  are  three  practical  engineering  reasons  for 

where  bj  and  W  t  „  be  Identified,  the  everete  values 

^"bi.^-li  aL  checked  by  the  tollewlng  non-linear  constraint  relationship. 


’^6  '  ■ 


b;  =  (b,2 


^2^  '’S 


(12a) 


a2b) 


since  bA  and  b;  are  identified  independently  of  bi,-~b5.  the  non-linear 
constraint  relltionship  seems  to  check  within  the  same  order  of  magnitude. 
Hencr  even  with  the  constrained  least  squares  algorithm,  the  results  are 
probably  not  different.  (2)  Let  us  now  examine  the  third  and  fourth  sta  e 
variable  of  equation  (9a) . 


X3  - 


X,  +  (-b.,b.)  st(t) 
>4  ID 


a3a) 


^4  =  "“4^1  ■“3*2'’'’2^3  ■’'’l'‘4  ClSb) 


with  reference  to  Table  1,  and  recalling  that  bi.^-jbs  were  identified  inde- 
oendentlv  of  the  remaining  parameters,  the  terms  e  and  e  were  comparea  to 
iTe  non-linear  terms  multiplying  st(t).  In  all  cases  the  non-linear  product 
TevZ  leve  significantly  below  1%  of  I*  and  T.  In  other  words,  the  non- 
linearities  were  well  below  the  noise  level  in  the  time  series  measurement 
iineariu^  .•  of  contrcl  theory  problems  such  as  rn  the 

area'of^digi^ri  filtering"  State  variables  which  are  two  derivatives  below 
Che  measured  time  series  are  generally  only  approximated.  (3)  If  we  were  to 
omit  JhlTemory  terms  (03  and  c4)  of  equation  (3),  the 

disappear.  Since  this  experiment  was  a  compensatory  cracking  tasA,  we  w 
l-pecr  /andc.  to  not  exist  but  the  method  is  presented  here  for  completeness 
in  hope  of  ics'^possible  application  in  a  precognicive  or  pursuit  type  cracking 

task. 


Statistical  Analysis  of  the  PID  Coefficients 


The  statistical  analysis  section  of  this  paper  will  answer  wo  important 
questions  concerning  the  coefficients  c^,  C2,  C3  and  C4  or  equation  (3). 

fl)  The  question  of  existence  (non-difference  from  zero) . ^ 

(2)  The  question  of  change  (from  the  static  mode,  the  motion  mode,  and 

the  peripheral  mode  of  operation). 


One  method  to  study  the  question  of  existence  of  the  coefficients  c^,  C2, 
cy,  and  c/  is  to  test  whether  they  are  statistically  non-dif ferent  from  zero 
(Ling  their  means  and  variances).  A  two-tailed  t-test  versus 
Lrmed  using  a  pooled  variance.  Three , subjects  were  chosen  based  on  the  plots 
of  their  respective  time  series  (although  Pouldon,  reference  (lb),  recommends 
fminiLm  of  six  subjects  for  any  intra  or  between  subject  variability)  and 
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six  replications  were  used  (averaged  over  subjects)  with  the  results  presented 
in  Table  2  It  is  noted  that  these  averages  contained  outlying  points 
(outliers)  and  in  some  cases  points  were  rejected  using  outlier  tests  in  the 
same  manner  as  is  done  in  FFT  studies.  In  FFT  studies,  a  frequency  measure¬ 
ment  will  be  rejected  if  it  differs  significantly  from  adjacent  measurements. 

In  all  cases  (static,  motion,  and  peripheral),  the  coefficients  C3  and  C4 
were  not  statistically  non-different  from  zero.  Hence  they  did  not  exist  in  a 
statistical  sense.  This  is  to  be  expected  since  this  was  a  compensatory 
tracking  task  and  C3  and  C4  were  representative  of  memory  terms.  The  follow¬ 
ing  interesting  statistical  relationships  arise  from  Table  2: 

^3  =0  (l^a) 

P»ni,s 


*  0 

p,in,s 

The  subscripts  p,  m,  and  s,  of  course,  correspond  to  the  peripheral,  motion, 
and  static  modes  of  operation. 

From  the  results  of  Table  2,  we  can  conclude  that  the  transfer  function 
of  man  can  be  written  in  the  following  manner. 

Man  =  a^  [l+Cj^s+C2S^]  (15) 

In  other  words,  his  transfer  function  was  of  a  second  order  nature. 

The  second  question  the  statistical  analysis  must  answer  is  the  question 
of  changes  between  coefficients.  To  answer  this  question,  a  two-tailed  t-test 
of  the  means  of  the  coefficients  (with  a  pooled  variance)  was  computed.  The 
results  are  presented  in  Table  3. 

The  three  permutations  of  static-motion,  static-pei  Ipheral,  and  motion- 
peripheral  are  displayed.  At  a  .05  a  level  the  following  statistical  results 
can  be  determined: 

'"i  =1  .  ''2^  *"2  ,  ‘'2  >  ‘'2 

m  p  ni  p  in  s 


At  a  .la  level  it  can  be  said  that: 


^2  >  ^2 


But  it  cannot  be  said  that: 


^1  >  ""l  ,  or  ""l  >""1 

m  s  ^  p  s 

even  though  the  means  of  these  variables  indicate  this  fact.  Also  it  is  in¬ 
teresting  to  note  that  in  the  motion  mode  of  operation  the  a  level  distin- 
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•  h.-n.  C9  >  C7  is  much  sharper  than  the  a  level  distinguishing  C2p> 
guishing  j-s  taotion  mode  of  operation  the  couble  leaa  term^C2  is 

This  indicates  t  peripheral  case,  however,  the  double  lead 

the  most  important  fac  •  '^The^results  on  the  motion  study  agree  (for 

term  C2  may  not  ^^^^^at^importan-.  ^The^^^^^ 

this  siru  perhaps  most  interesting  about  this  analysis  is  that 

reference  (  ,  Table  1  for  the  error  scores,  it  would  ba  concluded  the 

if  we  were  look  ^t  T  bl^  '  „tion  had  similar  effects  on  the  closed 
motion  and  peripher  oneration  could  not  be  distinguished  from  another 

loop  error  and  one  mod  ?  i  .  -*•  however  it  is  easilv  seen 

based  on  the  error  tL^mLns  of  these  coefficients  (although  star  is - 

chat  there  =  be  distinguished)  and  in  addition,  sharper  changes  in  rhe 

tically  they  cannot  be  d  to  C7  versus  ‘2o*  Hence  the  statistical 

"tetrfive«'’L"i?mnnSte‘iato  some  model  parameter  changes  whi.h  cannot  be 

seen  by  looking  directly  at  the  error  scores. 

CCNCU'SIONS 

An  \  Posteriori  approach  to  modeling  a  men  involved  in  a  static,  motion, 

tormed.  ^J^^ture  and  he  used  second  order  lead  information  in  tne 

^*i-°^n\ode°  less  second  order  lead  information  in  the  peripheral  mode,  and 
Thl  sLuell  se^nfread  information  in  the  static  mode  of  operation. 
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TABLE  1 


il\te  variance 

FOR  ERROR 


RMS  SCORES  IN  DEGREES 
STATIC  ^  MOTION 


33.714 


1031.2 


PERIPHEBLVL 


1211.3 


RESULTS  OF 


the  T-TEST  VERSUS  ZERO  (EXISTENCE  OF  COEFFICIENTS) 


COEFFICIENTS!  ME.VN  VARIANCE  1  Nj^  I  MEAN  j  VAR.  I  N^^ 


c, 

^  ) 

.3912  j 

i 

.2343 

1 

!  ' 

.5571  1 

1  ) 

1  .3559  i 

'^3 

.8479  1  1.5913  i  6  ' 

c, 

4 

:  1  1 
;  1.49  '  2.5952  ■  6 

.426  ;  .297 


‘^2 

1.327  ; 

.58 

'  6 

s 

.4187 

.  1.3905 

i  6 

.4401  ‘  .2851  I 


1.132  .6721  i  6 


STATISTIC  • 


4.0898 


0  j  0  i  6  i  3.8343 

i  _ : _ 


0  0  •  6  E  1.3052 


■  6  E  1.4063 


I 

0  I  0  '  6  I  3.5134 


5.6043 


o 

;  6 

0 

;  6 

4.1256 


1.0813 


1.7482  !  6  I  0  :  0  ■  6  I  1.5151 


1.1893  1.8751 


0  ;  6  1  1.5536 


TABLE  3 

TESTS  VERSUS  MEANS  (CHANGES  IN  COEFFICIENTS) 


COEFFICIENT!  MEAN  VAR 


Static 


STATIC 

VERSUS 

MOTION 


STATIC  i 
VERSUS  ; 
PERIPHERAL 


MOTION 

VERSUS 

PERIPHER 


MEAN  1  ViVR  I  N. 


Motion 


STATISTIC 


.3912 

.2343 

1 

6 

.5571 

i 

.3559 

6 

,3912  .2343  6 


,5571  .3559  6  |l.l32  .6721  6 


Peripheral 


.58  6  |-2.7713  .0197 


Peripheral  ■ 

.2851  6  I  -.3246  0.7522 


6  1-1.8517  .0938 


.297 

6 

CO 

6 

-.0839  .9343 


.538  .6023 


15 
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OUTPUT  ERROR  MODELING 
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ERROR 
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INPUT  ERROR  MCDELING 


Figure  (4)  -  Output  Error  Modeling  Compared  To  Input  Error  Modeling 
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SENSITIVITY  ANALYSIS  OF  MOTION  AND  PERIPHERAL  DISPLAY 

EFFECTS  ON  TRACKING  PERFORMANCE* 

By  Daniel  W.  Repperger  and  Andrew  M.  Junker 

Aerospace  Medical  Research  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio  45433 

SUMMARY 


A  ,tudv  of  sensitivity  was  initiated  in  an  effort  to  determine  what 
•  Kioo  offset  the  decision  making  processes  of  a  human  as  he  performs  a 

useful  fo.  th.  Sr  “(pSr  .odrll., 

pertinent  data.  /  f  °Pf  sins  input  tracking  task  to  enable  sensitiv- 

approach  was  used  wi  Coefficients  of  sensitivity  were  computed 

ity  coefficients  to  of  these  coefficients  were  determined  over 

at  each  frequency  and  experimental  conditions.  Data  from  a 

Sion  SSrncSr/StiiSSSLr  orporlnonr  .ern  nsnd  dn  thin 

Study - 


INTRODUCTION 


it 


T>,o  «^,^dv  of  sensitivity  in  control  theory  has  its  origin  from  the 
cla-'sical  papL  of  Cruz  and  Perkins  reference(]).  More  recently  Boniveto 
referenced  has  defined  the  term  sensitivity  in  a  manner  which  r^ted 
-I Hpntif lability.  What  is  meant  by  this  statement  xs  that  xn  a  modelxng 
identifiabili  y  already  been  collected  (A  Posteriori  modeling) , 

approach  in  ^  „hich  parameters  are  important  or  sensitive  and 

is  important  to  ascertain  wnicn  P  ^  parameter  in  a  modeling 

modS^rapproach.  the^  it  should  probably  not  be  considered  for  the  model 


*The  research  reported  in  this  paper  was  sponsored  by  Aerospace  Medical 
ResearS  Moratory,  Lrospace  Medical  Division.  Air  Force  Systems  Command. 
SrS^Patterson  Air  Force  Base.  Ohio  45433.  Further  reproduction  is 
autLrized  to  satisfy  needs  of  the  U.S.  Government. 
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structure.  From  the  sensitivity  analysis,  it  is- possible  to  determine  the 
influential  parameters  and  thus  to  concentrate  our  effort  and  attention  on 

these  parameters. 


In  this  paper  a  conjecture  is  made  on  how  to  guess  cost  function  weight¬ 
ings  on  optimal  control  models  based  on  calculated  sensitivities.  Since  most 
optimal  cLtrol  models  require  weighting  of  the  closed  loop 
dLivatives) ,  a  method  will  be  explored  to  choose  these  weightings  based  on 
Che  sensitivity  (or  gradients)  of  the  closed  loop  error  with  respect  to 
parameters. 


Since  error  in  the  closed  loop  is  a  measure  of  performance  for  the 
closed  loop  tracking  task,  it  is  of  interest  to  observe  how  this  error 
chances  or  how  its  sensitivity  varies  as  a  function  of  the  parameters  in  the 
closed  loop  system.  In  this  manner  it  is  possible  to  see  how  periormance  in 
the  closed  loop  is  influenced  by  certain  relevant  or  sensitive  parameters. 


Using  the  (A  Posteriori)  PID  model  presented  in  reference  (3) ,  the  sen¬ 
sitivity  of  the  closed  loop  error  was  calculated  with  respect  to  the  PID  pa¬ 
rameters  already  obtained.  The  data  base  and  experiments  used  here  are  the 
same  as  in  reference  (3). 


Closed  Loop  Error  Sensitivity 


With  reference  to  Figure  1,  the  transfer  function  of  man  (using  the  PID 
aodel)  is  denote(i  as: 


Man  =  G(s)  =  a^+a^s+a^s^ 

(1) 

using  the  fact  that 

X(s)  GH 

F(s)  i-HGH 

(2) 

and 

OH 

E(s) 

(3) 

yields 

E(s)  _  X(sl 

F(s)  "  F(s)  •  'E(s)/  1-K3H 

(4) 

or 

E(s)  -  F(s) 

l+G(s)H(s) 

(5) 

therefore 

Efs)  =  F(s) 

l+(a^+aj^s+a2s2)H(s) 

(6) 

Equation  (6)  is  in  an  ideal  form.  On  the  right  hand  side  of  the  equa¬ 
tion  is  all  the  loop  variables  which  influence  the  closed  loop  error.  This 
includes  the  external  forcing  function,  the  plant,  and  the  ^n  represented  by 
oiD  parameters.  On  the  left  hand  side  of  equation  (6)  is  the  isolated  ex- 
pression  for  the  closed  loop  error  as  a  Laplace  transfom.  The  s^Pl^^ity  of 
equation  (6)  is  that  the  performance  in  the  loop  is  isolated  on  the  left  hand 
side  of  the  equation  and  ail  the  possible  variables  tnat  effect  tnis  perform¬ 
ance  are  isolated  on  the  right  hand  of  this  expression. 
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Since  a  sum  of  sins  input  was  used  in  these  experiments,  it  is  possible 

to  set  s  =  jioi  (i  =  1,2 . 12  frequencies  used)  and  for  each  value  of  ui, 

the  error  and  (as  it  will  be  shown  in  the  sequel)  the  partial  derivatives  of 
E(3)  with  respect  to  the  parameters  a^,  aj^,  and  a2  can  also  be  obtained. 

In  order  to  obtain  the  partial  derivatives  of  the  closed  loop  error  with 
respect  to  the  PID  parameters,  it  is  noted  that  at  each  fixed  value  of  fre¬ 
quency  ui,  the  partial  derivatives  of  the  closed  loop  error  with  respect  to 
the  parameters  ao,  al,  and  a2  can  be  obtained  quite  easily.  Simple  differen¬ 
tiation  (for  a  fixed,  ui)  of  equation  (6)  with  respect  to  ao,  ai,  and  a2 
yields : 

A  e^®l 

3E  -F(s)H(s) _  1 

'  [l+(V^lS+a2s2)H(s)]2 


j0- 

3E  -s^F (s)H(s) _  ^  3^ 

“*  [l+(a^+a^s+a2s2)H(s)12 

■ 

3E  -s2f(s)H(3) _  _ - 

3o.2  °  [l+(a^+a^s+a2s2)H(3)]2  “  A2e^  2 

Equations  (7a-c)  are  written  in  phasor  notation  since  both  the  numerator 
and  denominator  have  different  magnitude  and  phase  angle  shifts  respectively 
at  each  value  of  frequency.  The  following  relationship  can  easily  be  shown: 

8E  ^  ^  ^  2  8E_ 

^  ^®1  ^  (8) 


(7a) 

(7b) 

(7c) 


Using  equations  (7a-c) ,  the  gradients  (or  sensitivities)  of  E  with  respect  to 

a  ,  a,  ,  and  a^  were  calculated.  The  results  were  given  in  Table  1. 
o  1  ^ 

The  plots  of  the  (averaged)  sensitivities  are  displayed  in  Figure  (2) 
for  the  static  case.  In  this  plot  it  is  noted  that  the  sensitivity  functions 
peak  near  the  crossover  frequency  which  was  approximately  1.35  radians  for 
the  static  mode  of  operation.  The  frequency  at  which  peaks  of  all  three 
curves  occurred  did  not  differ  by  more  than  1  radian. 

In  Figure  (3)  the  sensitivity  functions  are  plotted  for  the  motion  case. 
In  Figure  (3)  the  curves  of  3E/3ao  and  3E/3ai  were  not  radically  different. 
The  curve  for  3E/9a2,  however,  had  an  unusually  different  peak  three  times  as 
large  as  the  other  two  peaks  and  shifted  to  the  right  (beyond  the  crossover 
frequency)  by  almost  2  radians.  Since  these  results  are  averaged  over  sub¬ 
jects  and  replications,  it  appears  that  in  the  motion  mode  of  operation,  the 
closed  loop  error  has  its  greatest  sensitivity  to  the  double  lead  parameter 
a2.  This  is  in  concurrence  with  reference  (3)  where  the  statisfiri>l  analysis 
was  performed  and  also  with  some  previous  work  done  in  reference  (4). 
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In  Figure  (4)  ,  the  sensitivity  curves  are  plotted  for  the  peripheral 
case  (ensemble  averaged)  and  they  appear  similar  to  the  static  case<  The 
peaks  are  only  0.5  radians  apart  and  are  located  near  the  crossover  fre¬ 
quency. 

When  comparing  the  peripheral  case  to  the  static  case^  however >  the 
peripheral  peaks  are  much  higher  than  the  static  case.  Comparing  the  3E/3a2 
curves  (the  second  lead  term),  for  the  peripheral  mode  of  operation  versus 
the  motion  mode,  the  motion  case  has  the  greatest  shift  to  the  right  (and 
beyond  the  crossover  frequency)  but  not  as  great  a  magnitude  as  in  the  pe¬ 
ripheral  case.  Hence  it  appears  that  the  second  lead  term  a2  is  more  domi¬ 
nant  in  the  motion  case,  less  dominant  in  the  peripheral  case,  and  much  less 
dominant  in  the  static  case.  These  results  agree  with  the  statiscical  analy¬ 
sis  obtained  in  reference  (3).  A  method  of  choosing  cost  function  weightings 
based  on  the  inverse  variances  of  the  sensitivity  functions  will  now  be  con- 
j  ectured. 


Conjecture:  How  To  Pick  Cost  Function 

Weightings  in  An  A  Posteriori  Sense 


Figure  (5)  illustrates  a  close  up  view  of  the  static  mode  of  operation 
of  Figure  (2)  near  the  crossover  frequency.  Also  illustrated  on  this  plot  is 
one  standard  deviation  (at  the  frequency  1.572  radians)  of  the  averages  ob¬ 
tained  for  the  three  curves.  Since  a  greater  variance  in  the  estimate  of 
this  sensitivity  indicates  less  effect  of  this  parameter  on  the  closed  loop 
error,  the  following  conjecture  arises: 


Conjecture:  Given  a  cost  function  of  the  form 


J 


e(t)  i 


(Ol 


dt 


(9) 


where  T  may  become  infinite.  One  may  attempt  to  pick  the  unknown  cost  func¬ 
tions  Ki,  K2,  and  K3  in  the  following  manner: 


(VAR  3E/3a^]~^ 

(10a) 

[VAR  8E/3a^]"^ 

(10b) 

(VAR  3E/3a2]“^ 

(10c) 

where  a  -  A  constant  of  proportionality.  If  cost  function  weightings  are 
chosen  in  this  manner,  then  for  parameters  with  a  large  variance  in  the  sen¬ 
sitivity  values  the  corresponding  weighting  matrices  should  have  the  smallest 
values  in  the  cost  function.  In  other  words  if  the  closed  loop  error  is  not 
sensitive  to  a  particular  parameter  (which  is  indicated  by  a  large  variance) 5 
then  the  weighting  for  this  parameter  should  be  small.  Conversely  if  the 
closed  loop  error  has  a  large  sensitivity  with  respect  to  a  given  parameter 
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(as  indicated  by  a  small  variance  in  the  estimate  of  the  sensitivity  func¬ 
tion),  then  the  cost  function  should  be  weighted  more.  In  Figure  (5),  we 
would  weight  K]^  and  K2  (corresponding  to  e(t)  and  e(t))  more  than  we  would 
weight  K3  (corresponding  to  e*(t)).  This  approach  is  consistent  with  the  in¬ 
verse  of  the  standard  deviations  shown  in  Figure  (5)  and  also  has  agreement 
with  the  statistical  analysis  demonstrated  in  reference  (3).  It  is  hoped 
that  with  additional  work,  this  conjecture  can  be  more  carefully  quantified 
and  perhaps  more  rigorously  shown. 


CONCLUSIONS 

A  study  of  closed  loop  error  sensitivity  is  introduced  for  a  PID  type 
model  structure.  The  closed  loop  error  sensitivity  is  computed  for  the  three 
PID  parameters  across  three  tasks  denoted  as  the  Static,  Motion,  and 
Peripheral  mode  of  operation.  Tne  peak  sensitivities  show  quite  a  bit  of 
difference  between  the  three  modes  of  operation.  For  this  simulator  the 
second  lead  term  seems  to  have  the  greatest  sensitivity  of  the  closed  loop 
error  in  the  motion  (roll  axis)  task.  A  method  of  guessing  at  cost  function 
weightings  based  on  the  inverses  of  the  variances  of  the  sensitivities  is 
hypothesized.  Further  work  needs  to  be  done  on  this  topic. 
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SUMMARY 

The  paper  describes  two  experiments  which  simulated  a  transport  aircraft 
landing  in  reduced  visibility.  The  experiments  were  conducted  as  part  of  a 
low  visibility  landing  simulation  program  sponsored  at  the  Air  Force  Flight 
Dynamics  Laboratory  by  the  Federal  Aviation  Administration.  Data  during  the 
experiments  were  collected  in  a  form  suitable  for  use  in  an  optimal  control 
pilot  model. 

For  the  experiments,  a  C-135B  was  simulated  using  six  degree  of  freedom 
nonlinear  equations  on  a  hybrid  simulator.  Visual,  motion,  and  sound  cues 
and  a  gust  disturbance  were  provided.  The  effects  of  reduced  visibility  were 
simulated  by  driving  a  sky  plate  in  the  TV  lense  system  focal  plane. 

The  first  experiment  used  two  subjects,  and  considered  four  visibility 
conditions.  The  second  experiment  used  one  subject,  and  considered  three 
visibility  conditions.  The  experiment  results  included  statistics  on  glide 
slope  and  localizer  tracking  and  on  touchdown  conditions.  Pilot  comments 
were  recorded,  and  limited  data  are  available  from  the  second  experiment  on 
pilot  eye  scanning. 

T.  INTRODUCTION 

This  paper  describes  two  experiments  conducted  to  collect  data  suitable 
for  developing  a  pilot  model  of  low  visibility  landing.  A  sampling  of  the 
results  is  presented  in  this  paper,  and  the  complete  results  can  be  found  in 
References  1  and  2. 

These  experiments  were  conducted  as  part  of  a  low  visibility  landing 
simulation  program  conducted  for  the  Federal  Aviation  Administration  (FAA) 
by  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL) .  The  program  was  to 
investigate  low  visibility  landing  operations  while  minimizing  new  equipment 
costs  by  making  maximum  use  of  AFFDL  flight  simulators.  The  overall  program 
aims  were  as  follows:  to  develop  a  capability  to  evaluate  and  validate  pilot 
workload  and  performance  in  Category  II  and  III  weather  conditions;  to 
determine  the  utility  of  visual  cues  in  Category  II  and  III  landing  opera¬ 
tions;  and  to  identify  simulator  improvements  required  for  adequate  and 
realistic  engineering  simulation  of  low  visibility  landing  operations. 

As  part  of  the  low  visibility  landing  program,  the  Flight  Dynamics 
Laboratory  undertook  to  develop  a  pilot  model.  The  rationale  for  developing 
a  low  visibility  landing  pilot  model  was  that  a  pilot  model  would  permit 
analytical  studies  of  low  visibility  landing  to  be  made  for  a  relatively 
large  number  of  aircraft  configurations,  visibilities,  and  disturbances. 


These  analytical  studies  would  then  be  used  in  planning  to  effectively 
allocate  use  of  the  engineering  flight  simulator. 

The  pilot  model  being  developed  (and  described  in  another  paper  given 
at  this  conference)  is  of  the  optimal  control  type,  and  is  adapted  to  tasks 
which  are  time  varying.  A  model  capable  of  treating  time  varying  tasks  was 
chosen  because  of  the  variations  in  task  dynamics  as  a  function  of  range  and 
due  to  the  flare  maneuver.  To  develop  this  model,  ensemble  statistics  of 
the  landing  task  state  variables  are  required  as  a  function  of  range.  Thus 
the  data  base  for  the  pilot  model  must  be  established  using  experiments  con¬ 
taining  sufficient  replications  for  ensemble  statistics  to  be  meaningful. 

The  data  base  for  the  pilot  model  was  established  through  two  experi¬ 
ments  using  the  multicrew  cab  simulator.  The  first  experiment  was  conducted 
and  Che  data  from  it  analyzed,  which  revealed  some  limitations  of  the  simula¬ 
tion.  Efforts  were  made  to  reduce  these  limitations,  and  the  second  experi¬ 
ment  was  then  conducted. 


II.  DESCRIPTION  OF  THE  SIMULATION 

The  aircraft  used  for  this  manned  simulation  was  the  military  C-135B 
transport  which  is  similar  to  the  commercial  Boeing  707.  The  aircraft  con¬ 
figuration  had  a  weight  of  160,000  pounds,  the  center  of  gravity  located  at 
28  percent  of  the  mean  aerodynamic  chord,  a  flap  setting  of  50  degrees, 
an^the  landing  gear  down.  The  aircraft  mathematical  model  used  was  a  six 
degree  of  freedom  nonlinear  model,  and  was  programmed  on  a  hybrid  computer. 
Each  experimental  run  began  from  trimmed  flight  conditions  at  956  feet  alti¬ 
tude  on  a  three  degree  glide  slope. 

A  conventional  C-135B  flight  control  system  was  used  in  the  simulation. 
The  controls  included  wheel  (aileron),  column  (elevator),  and  rudder  pedals. 
Thumb  buttons  for  pitch  and  roll  trim  were  located  on  the  wheel;  a  crank  for 
rudder  trim  was  on  the  center  console.  Throttle,  flap,  gear,  and  speed 
brake  handles  were  fully  operational. 

The  cockpit  instruments  were  those  typical  of  the  C-135B.  The  instru¬ 
ments  driven  during  the  simulation  were  the  attitude  director  indicator  (.ADI), 
horizontal  situation  indicator  (HSI) ,  airspeed  indicator,  rate  of  climb 
indicator,  barometric  altimeter,  radar  altimeter,  angle  of  attack  indicator, 

G  meter,  Mach  meter,  clock,  compass  indicator  (RMI),  engine  pressure  ratio 
gauges,  tachometers,  exhaust  gas  temperature  gauges,  fuel  flowmeters,  and 
oil  pressure  gauges.  Annunciators  for  the  outer,  middle,  and  inner  markers 
were  driven.  Flight  director  pitch  and  roll  steering  command  bars  were 
driven  in  accordance  with  the  glide  slope  tracking  mode  of  the  Collins  FD-109 
flight  director. 

The  aircraft  simulated  during  the  first  experiment  did  not  have  a  yaw 
damper.  Between  the  two  experiments,  a  yaw  damper  was  added  to  the  aircraft 
model.  This  yaw  damper  was  used  throughout  the  second  experiment. 
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The  cockpit  used  was  an  actual  C-135  cockpit  modified  for  as  a 
^search  and  davelop..at  si.ul.tor  It  was  .aujced  jn  « 

l"1”  Sl:pu“tl„r  oi  JoS'furS;  S'aa*!.;.  vara  producad. 

S“a  Si  pro^?tlo„al  to  throttla  posltlou  aad  alrspa^I. 

Visual  cues  simulating  real  world  changes  in  size  and  perspective  with 

anert  to  aircraft  movements  were  produced  using  an  illuminated  three 
respect  to  aircraft  m  television  camera-screen  projection  system. 

?hr?iild  of  vS  of  the  screen  was  60  degrees  diagonally  '^^th^PP^opriate 
The  fiel  for  the  C-135.  The  view  was  large  enough  to  present 

rSistS  sLre^trroSh  Z  but  there  were  no  peripheral 

ThP  nilot  saw  a  daylight  rural  terrain  with  an  airport  complex 
cues.  The  pilot  saw  a  y  s  lights  The  visual  display  was  auto- 

tpcivdios  siiSlt;  h^iponooo,  los^ith  th. 

“u“i.g  ioltl.l  vlsoll  ooutact  altltud./runv.y  visual  rang,  tonditions: 

a.  Unlimited/unlimited 

b.  400  feec/1600  feet 

c.  300  feet/1200  feet 

d.  100  feet/1200  feet 

XHa  „du„d  visiPilUy  ^udUlaus  v«e  f--SSu;SrvSi 

ipSircaSwtlou  wish  tha  axparlmanfs  subject  pilots  so  as  to 

appear  realistic. 

During  the  simulation  runs,  light  turbulence  was  added  as  a  disturbance 
to  tL  alrctaft.  This  turbuleac.  had  the  Dryden  sjectta  o£  MIl-F-87a5B 

corresponding  to  an  average  altitude  of  500  feet 

‘  crimnlation  the  pilot’s  task  was  to  conduct  an  instrument 

lllg  rt  !e  I  riaur,  ■  V  puots  had  no  auxlllaty  tashs  such  as 

“ionic. tlou  r.uS'riSt‘ianpp::;.ni  fi* 

tis“rth.  tlsual  scene  and  the  copilot  .onltotlng  such  quantities  .s 

airspeed  and  altitude. 

During  the  course  of  the  experiments,  certain  limitations  of  the  simu- 
During  tne  serious  limitations  were  difficulty  in 

^S^rininrrsac?sScw;y  representation  of  the  lateral  directional  dynamics 
til  r^l35  on  the  simulator,  too  high  sink  rates  at  touchdown  in  the 
iLor^  and  an  overly  sensitive  flight  director  command  bar.  Between 
simulator,  and  y  „3S  modified  to  improve  the  lateral 

the  two  experiment  ,  Jc  director  gains  were  modified,  a  yaw  damper 

'r^dfsd  TSS;  ru«  »  .tlon  was  Idd.d,  the  gtound  effects  ™d.l 
was  added,  a  landing  g  signals  were  refined,  and  new  plumbicon 

was  ^HmpJovrthe  visual  display.  The  simulation  fidelity 

rs^imr/o^;  irS  sreorexperiment.  The  main  limitation  remaining  in 
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6xpsriin6nt  W3S  3  incsn  touchdown  sxnlc  irnto  which  wns  still  highoir 
than  that  obtained  in  actual  aircraft. 

The  subject  pilots  used  in  the  experiments  were  USAF  Rated  Officers 
with  C-135  experience.  The  pilots  in  the  first  experiment  had  2930  and 
2686  total  flying  hours.  The  pilot  in  the  second  experiment  had  970  total 
flying  hours. 

Further  information  about  the  simulation  can  be  obtained  in  References 
1  and  4, 


III.  description  of  the  experiments 

The  main  objective  of  the  experiments  was  to  obtain  ensemble  statistics 
for  developing  the  pilot  model.  Subsidiary  objectives  were  to  determine 
the  effect  of  reduced  visibility  upon  the  pilot's  landing  performance,  and 
in  the  second  experiment  to  measure  the  pilot's  inside/outside  cockpit  scan 
behavior. 

The  first  experiment  used  a  complete  factorial  experiment  plan,  with 
the  factors  being  pilot  (two  levels)  and  visibility  (four  levels).  The 
experiment  was  replicated  10  times,  resulting  in  a  total  of  80  simulation 
runs.  The  order  of  presentation  of  the  visibility  conditions  to  the  pilots 
was  random.  Each  pilot  had  a  training  session  of  about  one  hour  duration 
before  data  were  collected. 

The  second  experiment  used  a  randomized  block  plan,  with  three  different 
visibilities  («^/“,  400/1600,  100/1200).  The  order  of  presentation  of  the 
visibility  conditions  to  the  pilot  was  random,  and  he  had  had  about  four 
hours  of  experience  on  the  simulator  before  the  experiment  was  conducted. 

Each  simulation  run  was  initiated  with  the  aircraft  trimmed,  on  the 
gliae  slope  and  localizer,  at- a  range  of  15,000  feet  from  the  glide  path 
intercept  point  (GRIP).  The  pilot  did  not  know  in  advance  what  the  visi-. 
bility  conditions  would  be,  and  he  was  instructed  to  fly  the  simulator  as 
if  it  were  a  real  aircraft.  He  was  also  instructed  not  to  execute  a  missed 
approach,  but  to  land  regardless  of  circumstances,  and  comment  later  if  he 
thought  he  should  have  gone  around.  He  was  briefed  that  there  would  be 
light  to  moderate  turbulence,  but  no  crosswinds. 

The  simulation  run  was  ended  after  touchdown,  and  pilot  comments  were 
then  collected  via  a  questionnaire.  During  the  simulation  runs,  the 
variables  listed  in  Table  1  were  recorded  at  a  rate  of  10  samples  per  second. 
During  the  second  experiment,  whether  the  pilot  was  looking  inside  or  out¬ 
side  the  cockpit  was  deteimined  using  electro-oculography.  The  electro- 
oculographic  method  used  is  described  in  Reference  2,  where  are  also  pre¬ 
sented  the  results  of  a  pre-experiment  which  established  that  ^rearing  the 
electrode  assembly  did  not  affect  the  pilot's  performance. 


736 


TABLE  1.  VARIABLES  RECORDED  DURING  THE  EXPERIMENTS 

1.  R  -  Range,  ft. 

2.  Y  -  Cross  track  error,  ft. 

3.  h  -  c.g.  height,  ft. 

eg 

4  h  -  Eye  height,  ft. 

eye 

5  X,  y,  ft  ~  Earth  referenced  velocities,  ft/sec. 

6  u,  V,  w  -  Body  axis  referenced  velocities,  ft/sec. 

2 

7  a  -  Longitudinal  acceleration,  ft/sec  . 

X 

8,  n  -  Normal  acceleration,  g. 

z 

9.  i(;,  9,  4'  -  Euler  angles,  degrees 

10.  Y“  Flight  path  angle,  degrees. 

11.  Pj  r  ~  Body  a::is  angular  velocities,  deg/sec. 

12.  ip-  Yaw  rat:,  deg/sec. 

13.  fi.  -  Indicated  sink  rate,  ft/min. 

ind 

14  V  -  East  velocity,  knots, 
e 

15.  PSB  Pitch  steering  bar. 


16.  RSB  -  Roll  steering  bar 

17.  G/S  Error^^^  -  Indicated  glide  sl6pe  error. 

18.  Log  error.  ^  ""  Indicated  localizer  error. 

19.  RPM  1,  2,  3,  A  -  Engine  RPM,  for  4  engines,  percent. 

20.  5  •"  Elevator  deflection,  degrees. 

e 

c 

21.  6  -  Aileron  deflection,  degrees. 

a 

c 

22.  6  -  Rudder  deflection,  degrees. 

_  x  T  T~  “  Throttle  positions,  for  4  engines,  degrees. 
^6^’  ^62’  '53’  O4 

24.  V  .  ,  ~  Wind  velocity. 

Wind 
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X 


25. 

Event 

26. 

u  ,  V  ,  w  ,  p  ,  q  , 

g  g  g  g  g 

r  -  Gust  disturbances 
g 

27. 

SVR  -  Slant  visual 

range,  ft. 

CO 

(M 

AY  -  Aim  point 

coordinates,  ft. 

29. 

Run  number 

30. 

Time,  sec. 

IV.  RESULTS  OF  THE  E.XPERIMENTS 

Ensemble  statistics  were  computed  for  each  combination  of  pilot  and 
visibility  existing  in  both  experiments.  Using  the  data  from  Che  ten  simu¬ 
lation  runs  for  each  combination  of  pilot  and  fog  condition,  a  mean  value 
and  a  deviation  were  calculated  as  a  function  of  range  (equivalent 

to  lime)  for  localizer  error,  glide  slope  error,  roll,  pitch,  aileron 
deflection,  and  elevator  deflection.  In  addition,  for  experiment  two  cal¬ 
culations  were  also  made  for  displayed  glide  slope  error,  displayed  localizer 
error,  x,  u,  y,  v,  h,  w,  p,  q,  and  5^.  These  quantities  x^Jere  then 

plotted  as  a  function  of  range,  in  the  form  of  a  mean  trajectory  and  plus 
or  minus  one  standard  deviation  about  the  mean.  The  glide  slope  error  and 
localizer  error  plots  for  the  400/1600,  and  100/1200  cases  of  experiment 

two  are  given  as  Figures  1  through  6.  References  1  and  2  present  the  corn- 
pi  et:  a  "f  plots. 

Overall,  the  ensemble  statistics  indicate  that  all  three  pilots 
improved  their  tracking  of  the  glide  slope  as  out  of  the  cockpit  visibility 
deteriorated.  Based  upon  pilot  comments  and  the  in/out  scanning  data,  this 
improvement  in  g  de-slope  tracking  was  caused  by  increased  attention  being 
paid  to  the  flight  instruments.  Localizer  tracking  also  tended  to  improve 
as  visibility  decreased. "  In  the  first  experiment,  difficulties  with  the  ' 
flight  director  mechanization  resulted  both  pilots  exhibiting  an  ”s”  curve 
phenomena  in  tracking  the  localizer. 

In  the  first  experiment  the  pilots  were  unable  to  execute  a  proper 
flare  and  touchdown.  Pilot  comments  indicated  that  this  was  due  to  difficul¬ 
ty  in  judging  height  and  sink  rate  from  the  visual  display,  due  to  lack  of 
peripheral  vision  cues.  Therefore  statistics  were  not  computed  for  touch¬ 
down  position  and  sink  rate  for  experiment  one.  In  the  second  experiment, 
however,  the  pilot  was  able  to  execute  a  flare  and  the  touchdown  sink  rates, 
while  high,  were  not  unrealistic.  The  touchdown  statistics  for  experiment 
two  are  given  in  Table  2.  The  only  statistically  significant  effects  due  to 
visibility  in  the  touchdown  data  were  the  mean  and  standard  deviation  of  the 
longitudinal  touchdown  point  were  larger  for  the  100/1200  visibility  case. 

In  addition  to  the  ensemble  statistics,  means  and  standard  deviations 
of  h,  y,  f,  p,  q,  r,  6^,  and  6^  were  computed  for  all  of  the  data 
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PILOT  3  CflVU 


RPNQE  fNMl 

FIGVRE  1.  GLIDE  SLOPE  ERROR  £:;SEMBLE  STATISTICS, 


PILOT  3  CflVU 


O.ao  0.66  1.32  :.97  2.63  3.29 

RRNGE  (NM) 


FIGURE  2.  LOCALIZER  ERROR  ENSEMBLE  ST.ATISTICS. 


CD  HEIGHT 

0,00  0.00  40.00  00.00 


PILOT  3  ( 100/1200) 


^  ■’  j  I  p  T  '  I  ' 

'o  00  40.00  80.00  120.00  160.00  200.00 

■ _  RRNGE  (FT)  "lO  _ _ 

0.00  0.65  1.32  1.97  2.63  3.29 

RANGE  tNH) 

FIGURE  5.  GLIDE  SLOPE  ERROR  ENSE>SLE  STATISTICS,  100/1200 


PILOT  3  ( 100/1200) 


FIGURE 


1  OCAT.TEER  error  FMREMRTE  ST4TT<;TTr<5^  100/1200 


collected  on  each  run  for  ranges  to  the  GPIP  of  from  5000  tt  to  1500  ft 
Se  standard  deviations  of  all  the  runs  that  each  pilot  made  in  each  vis ibi- 
litv  Lndition  were  then  averaged,  and  used  as  a  measure  of  the  pilot  s 
^  cinnp  W  localizer  tracking  performance.  These  average  standard  devi 
iJi-na  3  flr\n  three  pilot,.  The  third  pilot  eee.ed 

CO  use  more  control  in  the  longitudinal  axis,  which  resulted  in  somewhat 
larger  standard  deviations  when  compared  with  the  first  two  pilots.  He  u  e 
smaSer  cLtrol  inputs  in  the  lateral  axes  than  the  first  two  pilots,  and 

achievid  better  performance  there.  This  might  be  due  to  the  y.aw  damper 
achievea  “eccet  H  „„.nries  of  the  aircraft.  Visibility  did  not  seem  to 

"v\nf!uenfe  thl  plot’s  perfo^Lci  for  any  of  the  thLe  pilots.  Most 
diffeleLes  in  the  data  between  pilots  and  visibilities  can  be  related  to 
differences  in  the  control  inputs  6^,  6^,  and  6^,  and  the  probable  cause  of 
these  differences  is  the  difference  between  pilot... 


TABLE  2: 

STATISTIC 
X  mean 

X  standard  deviation 
y  mean 

y  standard  deviation 
correlation  coefficient 
h  mean 

h  standard  deviation 


TOUCHDOWN  STATISTICS, 

oo/oo  and  400/1600 
125  ft 
474  ft 
6.3  ft 
19  ft 
-.14 


EXPERIMENT  WO 
VISIBILITY 

100/1200 
743  ft 
1031  ft 
.9  ft 
31  ft 
-.015 

-6.5  ft/sec 
2.4  ft/sec 


probability  ellipse  parameters 
semi  major  axis 
semi  minor  axis 
eccentricity 


559  ft 
22  ft 
.999 


1214  ft 
37  ft 
1.000 
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PILOT 

TABLE  3:  AVERAGE 

oofoo 

Glide  Slope  Error  -  h  ~  ft 

STANDARD  DEVIATIONS 

VISIBILITY 

400/1600 

100/1200 

1 

6.78 

5.40 

5.77 

2 

6.17 

7.64 

3.65 

3 

5.26 

Localizer  Error  -  y  -  ft 

11.63 

8.95 

1 

13.66 

16.44 

27.18 

2 

12.10 

21.40 

18.90 

3 

'’11.79 

Yaw  -  ilj  -  degrees 

11.93 

11.33 

1 

1.24 

1.19 

.91 

2 

.73 

1.00 

1.05 

3 

.95 

Pitch  -  9  -  degrees 

.73 

.81 

1 

.56 

.51 

.70 

2 

.66 

.64 

.5'* 

3 

.72 

Roll  -  ?  -  degrees 

.95 

.80 

1 

1.56 

1.45 

1.57 

2 

1.73 

2.17 

1.20 

3 

2.08 

Yaw  Rate  -  p  -  deg/sec 

2.59 

1.28 

1 

■  ■  .79  ' 

.87 

.80 

2 

.96 

1.24 

.97 

3 

.58 

Pitch  Rate  -  q  -  deg/sec 

.90 

.75 

1 

.51 

.49 

.57 

2 

.59 

.55 

.55 

3 

.67 

.73 

.70 
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TABLE 

3:  CONTINUED 

PILOT 

VISIBILITY 

oo/oo 

400/1600 

100/1200 

Roll  Rate  -  r  -  deg/sec 

1 

.64 

.52 

.67 

2 

.53 

.77 

.57 

3 

.84 

.78 

.55 

Elevator  Deflection  -  6^ 

-  degrees 

1 

.84 

.78 

.87 

2 

1.04 

.95 

.95 

3 

1.07 

r.72 

1.47 

Aileron  Deflection  -  <5^ 

-  degrees 

1 

3.54 

3.67 

2.57 

2 

4.20 

3.60 

3.82 

3 

4.07 

4.27 

4.11 

Rudder  Deflection  "  '5^  " 

degrees 

1 

.14 

.04 

.00 

2 

.12 

.84 

.00 

3 

.84 

.78 

.55 

During  the  second  experiment,  data  were  collected  on  whether  the  pilot 
was  looking  inside  or  outside  the  cockpit  during  the  approach.  These  data 
were  collected  using  an  electro-ocularographic  technique,  which  is  fully 
described  in  Reference  2.  The  data  as  to  whether  the  pilot  was  looking 
inside  the  cockpit  at  the  instruments  or  outside  the  cockpit  at  the  visual 
displav  were  used  to  determine  the  number  of  in^out/in  scans  made  on  each 
run  the  duration  of  each  scan,  the  time  intervals  between  scans,  the 
duration  of  the  interval  immediately  before  touchdown  during  which  the  pilot 
was  completely  visual,  and  the  wheel  height  at  which  the  pilot  went  complete¬ 
ly  visual.  For  each  visibility  condition,  medians  and  ranges  of  the  quanti¬ 
ties  were  determined,  and  are  presented  in  Table  4.  Medians  and  ranges  were 
used  instead  of  means  and  standard  deviations  becuase  the  data  were  obviously 
distributed  in  a  nongaussian  manner. 

The  pilot  was  always  flying  visually  at  touchdown,  and  never  referred  to 
the  instruments  below  a  wheel  height  of  40  feet.  Since  the  copilot  called 
initial  visual  contact,  the  pilot  never  scanned  outside  the  cockpit  before 
initial  visual  contact. 

For  100  feet  initial  visual  contact,  the  pilot  did  not  scan  on  the 
majority  of  runs,  and  commented  that  there  was  not  enough  time.  He  stated 
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that  any  references  back  to  the  instruments  were  for  the  purpose  of  checking 
aircraft  attitude. 

On  those  runs  where  the  pilot  always  had  visual  pound  ^ 

A  u  V  forth  between  the  instruments  and  the  visual  display 

play,  PU- 

spent  p  pe  ..^ervals  of  time  spent  inside  the  cockpit  and  out- 

ES  aS::i:nr 

the  time  since  his  last  scant 


TABLE  4:  "^ILOT* SCANNING  STATISTICS 


VARIABLE 

STATISTICS 

Duration  of  Final 

Median 

Fully  Visual  Period 

Range 

l>Jheel  Height  at 

Median 

start  of  final  fully 

Range 

visual  period 

Number  of  scans  outside 

Median 

cockpit  during  approach 

Range 

Duration  of  outside^ 

Median 

cockpit  scans 

Range 

Duration  of  intervals 

Median 

between  outside  cockpit 

Range 

VISIBILITY 

oofoo 

400/1600 

100/1200 

18.5  sec 

16.25  sec 

14.3  sec 

23.2  sec 

14.4  sec 

22.8  sec 

147.5  ft 

105  ft 

60  ft 

285  ft 

115  ft 

40  ft 

7 

1.5 

0 

5 

3 

1 

1.8 

sec 

.9 

sec 

1.2 

sec 

29.6 

sec 

.9 

sec 

8.6 

sec 

4.0 

sec 

4.5 

sec 

.6 

sec 

22.2 

sec 

20.9 

sec 

.4 

sec 

scans 
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l^hen  the  initial  visual  contact  altitude  was  400  feet,  the  pilot’s 
scanning  behavior  was  intermediate  between  the  100  feet  case  and  the  “ 
case.  Scanning  from  the  instruments  to  the  visual  scene  and  back  was  pre- 
senton  the  majority  of  these  runs,  only  now  the  pilot  apportioned  83%  of 
his  time  to  the  instruments,  and  transitioned  to  the  visual  display  at  about 
100  feet  altitude.  The  histogram  of  the  scan  times  outside  the  cockpit 
indicated  that  this  time  was  almost  constant  at  .6  to  .8  seconds,  while  the 
times  between  scans  were  nearly  uniformly  distributed  over  the  interval  of 
1  to  8  seconds. 

These  results  indicated  that  the  pilot’s  scanning  behavior  changed 
radically  as  the  visibility  conditions  changed.  The  approach  and  touchdown 
statistics  for  the  aircraft  trajectory  are  not  strongly  affected  by  changes 
in  visibilitv,  indicating  that  the  pilot  increases  his  reliance  on  the  in¬ 
struments  as' visibility  degrades,  and  thus  successfully  maintains  a  consis- 
tent  landing  performance. 

Pilot  comments  were  obtained  during  the  course  of  both  experiments  as 
to  what  instruments  the  pilot  referred  to  after  he  considered  that  he  had 
transitioned  to  visual  flight,  what  if  any  special  conditions  occurred 
when  he  transitioned  to  visual  flight,  and  he  was  asked  to  give  a  rating 
of  the  difficulty  of  the  landing  task  in  that  visibility.  The  rating 
scale  used  was  a  modification  of  the  Cooper  Harper  scale  used  for  handling 
qualities.  Further  development  is  required  to  adapt  it  to  rating  low 
visibility  approaches,  as  all  three  pilots  tended  to  rate  the  aircraft 
rather  than  the  task,  thus  the  rating  differences  were  very  small.  The 
modification  of  the  rating  scale  used  in  the  second  experiment  did  exhibit 
constant  sensitivity,  a  characteristic  of  the  psychological  continuuml  J. 

The  instruments  most  often  referred  to  after  transitioning  to  visual 
flight  were  the  ADI  (for  aircraft  attitude),  the  airspeed  indicator,  and 
the  vertical  velocity  indicator.  All  three  pilots  were  unable  to  correctly 
estimate  what  the  visibility  conditions  were,  usually  giving  the  initial 
visual  contact  altitude  as  being  lower  than  it  actually  was,  and  thinking 
that  the  runway  visual  range  was  greater  than  it  was.  For  the  100  foot 
initial  visual  contact  runs,  all  three  pilots  stated  that  there,  was  insuffi¬ 
cient  time  to  refer  back  to  Che  instruments  after  transitioning  out  of  the 
cockpit.  The  special  circumstances  surrounding  transition  all  occurred  in 
the  100/1200  visibility  condition.  They  involved  either  initially  inter¬ 
preting  Che  aircraft  as  being  in  a  severe  nose  down  attitude,  or  the  air¬ 
craft  appeared  to  be  lower  chan  it  was,  or  the  pilot  could  not  detect  cross 
runway  drifts  early  enough. 


V.  CONCLUSIONS 

The  three  pilots  involved  in  these  two  experiments  were  able  to  compen¬ 
sate  for  reduced  visibility  and  achieve  performance  comparable  to  their 
clear  air  performance  in  the  situations  considered  in  these  simulations. 

The  main  factor  involved  in  the  compensation  appears  to  be  increasing  the 
amount  of  attention  devoted  to  the  instruments  and  modifying  the  pilot’s 
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inside/outside  scan  pattern  as  visibility  is  degraded.  The  variation  in  ^ 
performance  between  pilots  was  as  great  as  any  variation  in  a  single  pilot's 
performance  due  to  visibility  changes.  The  data  collected  has  been  usable 
for  developing  an  optimal  control  type  pilot  model  for  glide  slope  and 
localizer  tracking. 
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THE  application  OF  PILOT  MODELING  TO  THE  STUDY 
OF  LOW  VISIBILITY  LANDING 

By  Captain  Walter  W.  Harrington 

AFFDL/FGD 

Wright-Patterson  AFB 


SUMMARY 


The  optimal  pilot  model  is  developed  for  the  analysis  of  simulation 
nrc'  -onducted  bv  AFFDL/FGD  for  the  FAA  to  investigate  the  efiects 
'oftS  vLlbruS  condi^i-^  »  •PP'O-'  TO  dd.,»dbdly  =od.l 

U  g^-TTTnpnts  the  conplete  aircraft  system  is  considered.  Thus,  tne 

aircraft  svstem’model  contains  both  longitudinal  and  lateral  dynamics  in 
u  n^MLarized  equations  for  the  control  feel  system,  aerodynamics, 

the  torm  ot  li  u^^^ts,  including  Collins  FD-109  flight  director  dynamics 

rhis  application,  'to  provide  effective  analysis  of  the  experiments, 

1 -inments  are  made  to  the  optimal  human  response  model.  Areas  of  devel- 
developmentSdarehmadenJ°,i  i.e.,  state  penalties,  control  rate  and 

opmen  „enalties  and  control  bandwidth,  and  the  information  processing 

e  observed  quantities,  indifference  thresholds,  and  degradation 
of  peifoimance  due  to  work  load.  The  resulting  model  is  designed  for  con¬ 
fident  analysis  of  the  low  visibility  experiments  and  easy  extension  o 
other  aircraft  systems  and  tasks. 

INTRODUCTION 


Low  visibilitv  conditions  create  a  hazardous  environment  for  aircratt 
h  and  landing  The  Air  Force  Flight  Dynamics  Laboratory  (^FDL) 
alruUt!™  prog...,  m  support  of  the 
g  nnT-FA7(2WAI-173,  Modification  No.  12,  to  investigate  pilot  i. 

Agreement  DOT-FA70WAI^17i,^^^  Specific  objectives  included  the  evaluation 
action  with  t  ^  iloc  work  load,  and  flight  performance  in 

and  landing  operations.  As  one  possible  method  of  approach- 

ategory  effort  was  undertaken  to  develop  a  mathematical 

i"oLf  of  tJe'^pirt's^^ontrol  activity.  Experiments  were  conducted^under^two 

u  r>f  ion  to  collect  data  for  pilot  modeling  [1>  *-]  •  P  .  ^ 

prLents^he' pilot  model  developed  from  this  data  base  and  the  analysis  or 

the  Phase  II  experiments. 


SYMBOLS 

Control  feel  system  coefficients 
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A 


A 


cl 


A 

P 


Aq, 


B 


C 


C 

m 


C 


y 


D 


E 


E 


F 


G 

i 

I 


j 

J 


m 

n 


n 


d 


n 


in 


n 


s 


P 


P 

m 

P 

y 

Q 


Open  loop  dynamics  matrix  (n^  x  n^) 

Closed  loop  dynamics  matrix  (n^  x  n^) 

Open  loop  dynamics  matrix  containing  neuromuscular  filter  (n^  x  n^) 
Second  order  system  response  coefficients 
Control  distribution  matrix  (n^  x  n^) 

Measurement  distribution  matrix  (n^  x  n^) 

Motor  noise  coefficient 
Measurement  noise  coefficient 
Vertical  deviation 
Expected  value 

Disturbance  distribution  matrix  (n^  x  n^) 

Feedback  matrix  (n^  x  n^) 

Control  amplitude  penalty  matrix  (n^  x  n^) 

Index 

Moment  of  inertia 
Complex  coefficient, 

Control  cost 

Pilot ^s  commanded  control  (^)  a  vector  of  dimension  n^ 

Number  of  controls 
Number  of  disturbances 
Number  of  measurements 
Number  of  states 

Riccati  control  gain  matrix  (n^  x  n^) 

Motor  noise  to  signal  ratio 
Measurement  noise  to  signal  ratio 
Measurement  penalty  matrix  (n^  x 
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Control  rate  penalty  matrix  (n^  x  n^) 

Time 

Gaussian  input  describing  function  for  measurement  indifference 
threshold 

Pilot’s  control  input,  a  vector  of  dimension  n^ 

Autocovariance  of  motor  noise,  a  vector  of  dimension  n^ 
Autocovariance  of  measurement  noise,  a  vector  of  dimension  n^ 

A  disturbance  vector  of  Gaussian  white  noise  of  dimension  n^ 

State  of  the  system,  a  vector  of  dimension  n^ 

State  covariance  matrix 

A  vector  of  observations,  or  measurements,  available  to  the  pilot 
of  dimension  n 

m 

Lateral  tracking  deviation 

Controller  deviation,  a  vector  of  dimension  n^ 

Damping  ratio 
Pi 

Root-mean-square  of  subscripted  parameter 
Riccati  filter  covariance  matrix  (m^  x  n J 
Pure  time  delay 


Superscripts : 


T  Transpose 

*  Optimal 

"  Estiraatea  parameter 

Abbreviations : 

BH  Breakout  Height 

CAVU  Ceiling  and  Visibility  Unlimited 

RVR  Runway  Visual  Range 


SYSTEM  TO  BE  MODELED 


This  modeling  effort  is  directed  to  the  synthesis  and  analysis  of  low 
visibility  piloted  approach  as  simulated  by  AFFDL.  The  Phase  II  pilot  model¬ 
ing  simulation  visual  test  matrix  contained  Category  I  through  Category  III 
linear  for  structures. 

FOG  STRUCTURE  PHASE  II  SIMULATION 

SPECIFICATION  (BH/RVR)  (PILOT  3) 

CA\nj  10  Runs 

122m/488m  (400  ft/1600  ft)  10  Runs 

30.5m/366m  (100  ft/1200  ft)  10  Runs 


Figure  I;  Phase  II  Pilot  Modeling  Test  Matrix 

The  particular  aircraft  used  in  the  simulation  is  the  Boeing  C-135B. 

The  C-135B  (a  military  version  of  the  Boeing  707)  is  a  large  swept  wing  four 
engine  jet  transport.  It  has  fan  jet  engines,  and  conventional  arrangement 
of  control  surfaces.  It  falls  within  Category  III  of  MIL-F-8785B,  and  is 
representative  of  its  class. 

The  AFFDL  multicrew  cab  (C-135  cockpit)  was  used  for  the  simulation. 
Cockpit  support  systems  include  a  three  degree-of-f reedom  motion  base  system 
(pitch,  roll,  and  heave),  instrument,  visual  display,  control  force  loading, 
communication,  and  sound  effect  systems.  Instrumentation  for  the  simulation 
included  a  Collins  FD-109  flight  director  system. 

The  approach  task  required  tracking  of  a  .05  radian  (3.  degree)  glide 
slope  from  a  range  of  4,572  meters  (15,000  feet)  to  flare.  The  pilot  was 
instructed  to  follow  the  flight  director  and  use  raw  data  and  visual  cues  as 
required. 
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OPTIMAL  PILOT  MODEL 

The  optical  pilot  model  concept,  developed  by  Kleinman,  Baron,  and 
Levison  [3  -  20],  was  selected  for  this  application  due  to  its  apparent 
success  in  modeling  similar  [12]  and  complex,  time  varying  [13]  control 
tasks.  The  optimal  pilot  model  is  a  mathematical  construct  designed  to 
svnthesize  pilot  control  performance  and  behavior.  The  model  is  based  on 
the  assumption  that  the  human  operator  will  control  a  dynamic,  stoichastic 
system  optimally  subject  to  his  inherent  limitations.  These  limitations 
are  considered  to  be 

1.  A  time  delay,  representing  cognitive,  visual  central  processing, 
and  neuromotor  delays. 

2.  "Remnant"  signals,  divided  into  an  observation  noise  to  represent 
degradation  due  to  work  load,  scanning  effects,  and  signal  thresholds, 

and  a  motor  noise  to  represent  random  errors  in  executing  the  intended 
control. 


3.  A  "neuromuscular  lag"  to  represent  neuromuscular  dynamics. 

The  control  commands  are  synthesized  by  a  continuous  linear  equalization 
network  which  contains  a  rull  state  optimal  filter  (Kalman  filter) ,  a  full 
state  optimal  predictor,  and  a  full  state  optimal  feedback  control  law.  The 
control  law  is  derived  for  an  augmented  state  system  which  results  from 
introducing  the  neuromuscular  lag  by  means  of  a  control  rate  penalty.  The 
structure  of  the  model  results  from  a  suboptimal  solution  to  a  control  pro¬ 
blem  involvina  a  time  delay  and  observation  noise.  The  model  is  shown  in 
Figure  2. 

The  mathematical  algorithm  of  the  optimal  pilot  model  is  developed  from 
the  following  control  problem: 

Given  the  quadratic  cost  functional  of  the  form 
"  '  J  =  1/2  E  {^^(t)  Q  v(t)  +  u^’^(t)  R  u^(t)}  Jt 

Subject  to  the  constraints 
=  ^a  ^  ^a 

v(t)  *  x^(c  -  T)  +  Vy(t  -  T), 

determine  the  non^ anticipation  feedback  control  u^(t)  which  minimizes  the 
cost  functional. 
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The  mathematical  algorithm,  including  developments,  of  the  optimal  pilot  model 
is  presented  in  the  following  sections. 


Optimal  Pilot  Model  Computer  Program 

Tb«.  optimal  pilot  model  algorithm  is  executed  by  the  digital  computer 
PILOT.  FGD  PILOT  is  a  "batch  run"  Fortran  computer  program 

suorouciue  V  HI acronalization  of  the  canonical  equations  method 

U2,^I8!’^from°thrprogram  OPTSYS ,  which  was  furnished  to  AFFDL  by  Dr.  Earl 
Hall  of  Systems  Control,  Inc. 

Th<-  nroeram  FGD  PILOT  is  designed  for  easy,  confident  analysis.  Devel¬ 
opments  to  the  programming  algorithm  are  presented  in  the  following  sections. 


Application  of  the  Optimal  Pilot  Model  to  the  AFFDL  Low  Visibility  Simulation 


The  flight  simulation  which  is  to  be  modeled  contained  a  nonlinear,  .1 
varying  six^degree-of-freedom,  hybrid  aircraft  system  model.  Some  consid¬ 
erations  and  assumptions  allow  the  hybrid  simulation  to  be  modeled  within 
the  constraints  of  the  optimal  pilot  model  structure. 


The  optimal  pilot  model  provides  steady  state  optimal  control  and  state 
«s^imation  The  flight  simulation  dynamics  were  time  varying.  But,  whey 
rir  bf  crr;idfrrd  siLly  time  var>^ing  for  the  approach  task.  It  is  then 

assumed  that  the  steady  state  solution  of  control  and  filter  gams  at 
assumed  that  t.este^^y^  the  adaptive  abilities  of  the  pilot  in  a  physically 

rSliziEle-m-anne?.'  The  model  is  thus  applied  to  a  slowly  time ‘varying  system 
with  the  calculations  repeated  with  updated  parameters  as  the  system  va.ies. 


The  optimal  pilot  model  requires  a  linear  representation  of  the  aircraft 
^  Tr  is  therefore  required  that  the  components  ot  the  simu- 

faJiraSr^ystL "e  rerre-^t^d^y  sets  of  first  order,  linear,  piece- 
wise  constant  coefficient,  differential  equations.  The  aevelopment  or  a 
system  model  of  this  form  is  discussed  below. 


The  mathematical  model  of  the  aircraft  system  is  au^ented  to  allow  the 

the  nonlinear  control  Riccati  equation,  iteration  is  required  to  obtain  the 
desired  filter  coefficient. 
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J^flLrroS  J.:f/d:vices  can  be  modeled  as  nonlinear,  second 

Trder  systems.  Controller  deflection  rs  given  by 


oc(t)  =  Y 

6c(t)  =  /  6c(t)  dt 


-  -0  ^'oc^ 


ScCt) 


V,  W  a  are  ncnUnear  coefficients.  Statistical  linearization  tech- 

where  ^0  f ^  ”  ied  to  linearize  these  coefficients.  Iteration  is 

SrreS^heCtoTdaJt  the  coefficients  to  the  resulting  system  perform- 

ance . 

The  controller  deflection  to  surface  deflection  transfer  functions  can 
be  mofele^rpure  gains  for  the  C-135B  dynamics.  These  are  easily  .ncor 
pcrated  into  the  linearized  dynamics. 

The  surface  deflections  provide  inputs  to  the  airframe  dynamics .  Air- 
n  larions  are  derived  bv  linearizing  the  nonlinear  six  degree  o 
rrame  ^ ^J^^Lid  bodv  motion  about  a  trim  condition.  The  trim 

freedom  equations  tor  rig  .  ;airrra£t  being  in  the  nominal  landing 

condition  ^°J''^5P°"3dian  (1*)  degree)  flaps  and  a  flight  path  angle  of 

"°ofri?Inr(-3  d^gLes).  The  differential  equations  are  written  in  the 
-.05  radians  {  •  §  \erodvnaiiiic  forces  and  moments  are 

stability  axis  coordinate  sy  ^  ^H^Qrahilit\  derivatives  obtained  from  a  link 

represented  by  124).  Tbe  stsbillty  derlveclies  need 

-rbrfe^KdTdtb/rtnre^^f t  r;  Lc  t  eyU  p„2y^^^ 

:rs““2„:r  rd"e“Jp;LrtSr:»i;t/o:.\b„;  res'edtm,  d„  e 

linear  constant  coefficient  system. 

,  T  •  .«  r  1  air'^rame  dynamics  were  augmented 

by  a  ^iJsfr/de'rMSSrr.:  d»per  eioation  s.tisfies  tHe 

"model  constraints  without  modification. 

1.  addition  to  Stability  dynanios 

t^t'fofLSSrr.'ln.'  ™Ln»rap“to.ch  task.  Both  can  be  syntb.slted  by 
UnLrp”n-S  ■=»='“'  coefficient,  differential  epnations. 

j*  u  hn  rho  Aircraft  were  provided  in  Che  simulation 

Intbnlenc.  Solved  by  He.’  .  [231  of  the 

bv  implementation  of  th  MIL  SPEC  8785B.  Constant  model 

specified  by  MIL  SPEC  878  F  ].52  meter  (500  feet)  moderate 

turbulence  uns  noniMlly  1,  ,  imear  system  driven  by 

:;rtf  a^c^stS  tSulencc  Uvei.  the  result  is  e  iiu.ar  con- 

stant  coefficient  system. 
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Control  command  cues  were  presented  to  the  pilot  by  a  Collins  FD-109 
flight  director.  The  flight  director  contains  dynamic,  nonlinear,  and  time 
varying  elements.  Statistical  linearization  techniques  [9]  can  be  applied 
to  the  nonlinear  elements.  Iteration  is  then  required  to  adapt  the  line¬ 
arized  coefficients  to  the  current  flight  director  performance.  The  time 
varying  elements  can  be  considered  slowly  time  varying.  Thus,  the  flight 
director  is  modeled  as  a  linearized,  piecewise  constant  coefficient  system. 

Raw  aircraft  data  were  presented  to  the  pilot  through  instrument, 
visual,  and  motion  cues.  The  dynamics  of  instruments  providing  raw  data  are 
neglected  for  this  model.  Then  raw  data  instrument  cues  and  visual  cues  can 
be  modeled  by  the  same  information  channels.  Discrimination  between  instru¬ 
ment  cues  and  visual  cues  is  thus  left  to  the  human  operator  model.  Motion 
cues  are  assumed  negligible  considering  the  C-135B  dynamics,  the  low  turbu¬ 
lence  levels,  and  the  limited  response  of  the  C-135  cockpit  motion  drive 
system. 


The  aircraft  system  model  presented  above  satisfies  the  constraints  of 
the  optimal  pilot  model.  In  addition,  the  model  is  separable  into  two  single 
control  input,  linearized,  piecewise  constant  coefficient  systems. 


Optimal  Pilot  Model  Control  Law 


The  optimal  pilot  model  equalization  network  contains  a  full  state 

optimal  feedback  control  law.  The  pilot  model  determines  the  feedback 

control  u*(t)  which  minimizes  the  cost  functional 
—a 

J  =  1/2  E  Q  ^ 

subject  to  the  constraints 

X  (t)  =  X  (t)  +  Ba  u  (t) 

— gL  a  ”~a 

=  Ca  x^(t) 


by  the  solution  of  the  steady  state  Riccati  control  matrix  equation 


+  P  A  +  C 
a  a  a 


Q  c. 


P  B  B  ^  P  =  0 
a  a  a  a 


where 


The  control  law  therefore  requires  the  specification  of  the  measurement 
penalty  matrix  Q  and  the  control  rate  penalty  matrix  R. 


It  the  pilot  does  not  intentionally  couple  the  longitudinal  and  lateral 
axis  systems,  i.e.,  Q  and  R  are  block  diagonal  in  a  manner  similar  to  the 
decoupling  of  the  system  equations,  the  control  problem  formed  by  seeking  the 
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feedback  control  u  (t)  which  minimizes  J  decouples  into  two  separate  control 
problems.  Each  control  problem  can  be  addressed  separately,  reducing  the 
dimension  of  the  system,  and  subsequently  the  time  and  core  requirements  for 
computer  implementation  of  the  pilot  model.  Also,  only  a  single  control  in¬ 
put  pilot  model  is  required  for  this  application.  Thus  the  matrix  R  reduces 
to  a  scalar. 

The  measurement  penalty  matrix  Q  is  then  specified  to  provide  rms  mini¬ 
mization  of  measured  quantities  in  each  axis  system.  The  matrix  Q  is 
normally  specified  as  a  diagonal  matrix.  Therefore,  to  simplify  and  clarify 
the  specification  of  this  matrix,  the  vector  TASK  is  defined  such  that: 

TASK  =  Diagonal  (.Q) . 

The  vector,  of  dimension  n  xl,  provides  one-to-one  correspondence  ot  measure¬ 
ment  penalties  to  the  measurements  given  by  the  vector  v(t).  The  vector  is 
named  TASK  so  that  it  will  be  thought  of  as  a  numerical  presentation  of  the 
flight  cask. 

For  the  low  visibility  approach  task,  the  pilot  was  instructed  to  follow 
the  flight  director  and  use  raw  data  and  visual  cues  as  required.  The 
flight  director  task  required  the  minimization  of  pitch  steering  bar  and 
roll  steering  bar  deviations.  Due  to  the  flight  director  task,  the  C-135B 
dynamics,  and  the  low  turbulence  levels,  it  is  assumed  that  the  measured 
raw  data  quantities  were  not  controlled  in  an  rms  sense.  Instead,  the 
information  was  used  to  evaluate  the  safety  of  the  aircraft  and  the  perform¬ 
ance  of  the  flight  director,  i.e.,  to  detect  adverse  flight  conditions  or 
flight  director  failures.  The  measurement  of  raw  data  and  visual  cues  is 
therefore  considered  a  side  cask.  The  primary  flight  task  is  simply  the 
minimization  of  pitch  steering  bar  and  roll  steering  bar  amplitude  devia¬ 
tions. 


The  minimization  of  flight  director  steering  bar  deviations  is  a 
simple,  well  defined  cask.  The  TASK  vector  is  specified  as  a  numerical 
representation  of  this  cask  by: 

TASK(i:y(l)  =  steering  bar  amplitude)  >  0 


otherwise 


TASK(i)  =  0. 

The  amplitude  of  the  TASK  vector  is  related  to  the  control  rate  penalty  R 
in  the  following  section.  For  complex  tasks,  the  elements  of  the  T.ASK 
vector  can  be  estimated  based  upon  expected  maximum  errors  [11]  or  upon  the 
weightings  of  similar  tasks. 


Control  Frequency  Response 


Pilot  control 


c  1 2. *"0^^  in.  tik- 

f.- — —  —  —  - 
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model  by  a  first  order  filter  which  processes  the  commanded  control  signal. 
The  filter  cutoff  frequency,  is  an  output  of  the  control  solution  and  is 

determined  by  the  relative  amplitude  of  control  penalties  to  measure¬ 

ment  penalties  (TASK  vector) .  It  is  required  by  the  closed  loop  dynamics 
matrix. 


cl 


=  A 


B  r"^B  ^ 
a  a 


that,  for  a  single  control  input  system, 
P 


c 


where  P  is  the  Riccati  gain  matrix  element  associated  with  the  control 
filter.*^  The  control  law  therefore  requires  iteration  to  adjust  R  or 
until  the  control  frequency  attains  a  desired  value. 


Consider  the  more  general  cost  functional  for  a  single  control  input 
system: 

J  =  i  E{£  (t)Qx(t)  +  R  +  G  u  (t)}  dt 


where  u(t)  is  the  control  amplitude  and  G  is  a  control  amplitude  penalty. 
Then,  for  a  given  TASK  vector,  G  and  R  can  be  adjusted  to  regulate  P^/R  to 
attain  the  desired  control  frequency.  It  is  then  required  to  specify  o)^,  R, 
and  G  uniquely  for  a  given  control  problem. 

The  model  has  assumed  that  the  pilot  is  highly  motivated  and  controls 
the  system  to  his  neuromuscular  frequency  limit.  Neurological  data  [23,  26, 
27]  indicate  that  the  neuromuscular  time  constant  is  given  by 

T  ,  -  . 1  seconds. 

N 


Thus,  the  model  has  assumed  that 


c 


10  radians/second. 


It  has  also  been  assumed  that  G  =  0,  thus  requiring  adjustment  of  only  the 
control  rate  penalty  R.  This,  incidentally,  results  in  a  unique  solution 
to  the  control  law  for  a  given  task  specification.  The  control  rate 
penalty  R  adapts  to  the  TASK  vector  to  attain  the  desired  frequency  response 
This  results  in  a  unique  control  solution  which  is  independent  of  the  actual 
numerical  value  of  the  TASK  vector.  However,  this  algorithm  has  been  found 
to  predict  ** optimistic’*  performance  for  the  control  of  real  aircraft  systems 


To  account  for  the  degradation  of  pilot  control  performance  encountered 
in  real  aircraft  systems,  the  estimation  of  control  rate  and  amplitude 
penalties  based  upon  expected  maximum  control  performance  [11]  has  been 
considered.  Thus, 


and 


G 


1 

(u^(t)) 


max 


But,  the  maximum  values  of  control  rate  and  amplitude  can  be  difficult  to 
predict,  i.e.,  control  force  rate  and  amplitude  to  a  controlled. 

It  is  therefore  desired  to  create  a  control  law  algorithm  which  can  be 
used  predictively  yet  account  for  the  controller  configuration,  the  aircraft 
dynamics,  and  the  pilot's  workload.  Consider  the  following  approach.  We 
make  the  following  assumption: 


Assumption:  A  pilot's  control  activity  is  limited  to  that  required  ^ 
the  system  dynamics  under  the  condition  of  a  normal  aircraft  woricload.  Thus, 
the  pilot  can  control  the  aircraft  system  with  a  bandwidth  less  than  that  of 
the  neuromuscular  system.  The  control  frequency,  o)^,  is  then  a  commanded 
control  frequency."  Furthermore,  u)  is  limited  by  the  pilot  s  neuronuscu- 
lar  response  for  the  particular  controller  configuration,  i.e.,: 


0)  <  10  radians/sec  for  a  side  stick  controller 

c  — 


0)  <3.3  radians/sec  for  a  center  stick  or  wheel  controller, 

c  — 


2,3  radians/sec  figure  for  the  center  stick  and  wheel  controllers,  is  a 
first  order  estimate  of  the  frequency  response  of  the  extended  arm  system 
these  controllers  require  and  is  consistent  with  the  force  gradients 
allowed  for  these  controllers.  [28]. 

The  control  law  is  handled  as  follows.  The  control  rate  penalty  R 
appears  to  determine  the  control  u*(t).  The  control  amplitude  penalty  G 
merely  allows  the  increase  of  OJ  by  the  reduction  of  the  augmented  control 
u*(t)  The  control  law  is  apparently  overspecified  by  the  introduction  of 
^the' control  amplitude  penalty  G.  We,  therefore,  let  G  =  0  so  that 
directly  reflects  the  control  activity  of  the  pilot.  Note  that  the 
control  solution  is  then  unique  if  is  specified. 


The  control  frequency  must  reflect  the  system  dynamics  as  well  as 
the  pilot's  workload.  Consider  "normal"  aircraft  dynamics,  i.e.,  damped 


1 


short  period,  phugoid,  and  Dutch  roll  modes,  a  stable  roll  mode,  and  a  stable 
or  slightly  dirvegent  spiral  mode.  System  oscillations  occur  at  damped 
natural  frequencies,  and  decay  or  diverge  at  a  rate  determined  by  the 
product  of  the  damping  ratio,  and  the  natural  frequency,  Given  the 

aixi'craft  dynamics  described  above  and  a  normal  aircraft  work  load,  let 

*(**>d)max»  maximum  damped  natural  frequency  of  the  closed 
loop  system 


where 


^c  —  ^  (controller) . 


The  closed  loop  damped  natural  frequencies  can  be  determined  by  an  eigenr 
value  analysis  of  the  closed  loop  dynamics.  We  thus  require  that  the  control 
solution  outputs  Uj,  and  fud)inax  equal.  This  can  be  accomplished  by  adjust- 
ing  the  control  rate  penalty  r" in  a  manner  similar  to  previous  control  law 
algorithms  until  10^  is  satisfactorily  close  to  (ud)max‘  This  iteration  is 
done  automatically  in  the  computer  program  FGD  PILOT  with  the  algorithm 


R(k  +  1) 


P^(k) 

ra - W 

d^max 


with  the  convergence  criteria 


1 1 


max 


w  111 


e 


where 

p^(k) 

°  “r(^  ' 

The  control  law  is  therefore  uniquely  determined,  based  on  the  control¬ 
ler  configuration,  the  aircraft  dynamics,  and  the  pilot’s  work  load.  The 
only  entries  required  by  the  computer  program  for  the  control  law  are  Che  non¬ 
zero  elements  of  the  vector  TASK  and  the  pilot’s  neuromuscular  frequency 
limit  for  the  particular  controller  configuration. 

The  control  law  entries  required  for  this  application  are  therefore 
TASK  (i:;^(i)  =  steering  bar  amplitude)  >  0 


and 


a)„  =  3.3  radians /second. 

N 

As  an  example,  consider  the  longitudinal  dynamics  of  the  C-135B.  The 
pole  plot  is  shown  in  Figure  3,  The  system  dynamics  require  that 

u)  -  .94  radians /second 
c 
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which  is  considerably  less  than  the  neuromuscular  frequency  response  of  3.3 
radians/second  for  a  control  wheel.  The  predicted  oj^  corresponds  reasonably 
well  with  the  measured  half  power  point  of  the  power  spectral  density  of  ele¬ 
vator  deflection  obtained  from  simulation  data  reduction,  as  shown  in  Figure 
4,  Furthermore,  the  resulting  performance  predictions  are  very  good,  as 
shown  for  vertical  cracking  error  in  Figure  6.  The  predicted  control  fre¬ 
quency  is  further  supported  by  control  frequency  sensitivity  curves,  which 
are  presented -in  Figure  5  for  selected  turbulence  conditions.  A  similar 
analysis  applies  to  the  C-135B  lateral  dynamics. 


Full  State  Estimation 

The  optimal  pilot  model  equalization  network  generates  a  full  state  esti¬ 
mate  of  the  aircraft  system  based  on  noisy,  delayed  observations  of  the 
system.  This  estimate  is  the  output  of  a  Kalman  filter.  The  Kalman  filter 
gains  are  determined  from  the  covariance  matrix  Z  which  is  the  solution  to 
the  steady  state  Riccati  filter  equation 

A  T  +  TA  ^  +  W  -  J:C  :  =  0 

p  p  a  y  a 

where  Ap  is  a  modified  open  loop  dynamics  matrix  containing  the  pilot  control 
filter  generated  by  the  control  law, 

W  =  EV 

d 

w’here  E  is  the  state  disturbance  distribution  matrix  and  V,  is  the  variance 
matrix  of  state  disturbances  of  which  the  autocovariance  of  the  motor 
noise  is  an  element,  and 

V  =  Diagonal  (V  ) 

^  y 

where  V'  is  the  autocovariance  of  the  measurement  noise.  The  filter  there¬ 
fore  requires  specification  of  the  autocOvariance  of  the  measurement  noise 
V  associated  with  the  measurements  autocovariance  of  the  motor 

noise  V  associated  with  the  control  u(t)  .  A  prerequisite  to  this  is  the 
specification  of  the  pilot  model  measurements  v(t). 


Pilot  Model  Measurements 

The  optimal  pilot  model  is  well  suited  for  realistic  synthesis  of  human 
operator  information  processing.  The  pilot  model  can  observe  those  instru¬ 
ments  or  quantities  which  the  pilot  would  observe  to  perform  the  flight  task. 
Furthermore,  the  pilot  model  can  contain  algorithms  for  amplitude  and  rate 
information  processing,  instrument  scanning,  and  signal  perception.  These 
concepts  are  discussed  below. 
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Ampl i tude 


Pitch  Steering  Bar  Deviation 
radians  (degrees) 


Turbulence  Amplitude 
meters/second  (feet/second) 


X 


the  flight  task. 


SCAN(i:i(i)  is  observed)  =i  1. 

SCAN(i:i(i)  is  not  observed)  »  0. 

A  fr.  arflvate  observation  of  the  specified  instruments  or 
This  vector  is  used  to  activ  application,  the 

director.  The  required  entry  is  then 

SCAN(i:i(i)  =  steering  ear  amplitude)  =  1. 

T.,  „od..  h.s  ch.c 

ob«rv.d  ,„Mlty  by  obs.tvlng  It.  ti™  rat.  of 

istSatlon  ptocts.  1.  a  fanttloi.  of  tha  K.l=a»  ttlt.t  ta 
rsiot^dar^Tbr^fot.,  It  ^ba  puot  .od.i  f-- rto^;. 
Sr:  :»SaS:/;"«.rp;rfo»ad  by  tb.  Kala.„  fiU.r. 

.  iirgS;ia.r^°rc.S'':fsrriJL'tri:fof« 

TtLf  of  Jafft^kfob  ,o.U  y  doa  to  tba^™^^^ 

Sfbl  tr"lL:r,a:uttrb:“UlaS:  .ffaot.  o^  iafot.atfoa  pfooa.afng. 

1  The  effective  perceptual  threshold  of  an  observed  quantity  is 
increa;ed  as  the  frequency  at  which  it  is  observed  is  decreasec. 

^  The  qualitv  of  the  perceived  information  is  decreased  as  the  dwell 
time  for  which  the  quantity  if  observed  is  decreased. 

o  •  fityorithms  [291  have  addressed  information  degradation  as  a  runction 
Scanning  algorithms  [  J  mtanrirv  However,  this  approach  does  net 

of  total  attention  to  an  observed  quantity-  However,  tni  PP 

*.  tha  f^vnamics  of  an  observed  quantity,  nor  the  r requeue^ 

Jimrwith  which  it  is  scanned.  Thus,  it  is  desired  to  create  a  scanning 
algorithm  which  realistically  accounts  for  the  effects  of  scanning. 

Consider  the  following  approach.  Three  types  of  thresholds  are  defined: 

1.  Perceptual  threshold:  The  minimum  deviation  of  an  observed  quantity 
which  the  pilot  can  detect. 

H  •  The  effective  perceptual  threshold  which  results 

2.  Scanning  tnreshold  The  effec^^  quantity. 

from  the  superposition  or  scanning  uu  ui  j 


Indiffereace  threshold*:  Tlu 


deviation  of  an  observ^m  Cucm 


xGW 


which  the  pilot  will  not  take  control  action. 
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The  perceptual  threshold  can  be  calculated  [12]  from  Che  pilot  s  minimum  arc 
jf  resolution  (typically  .00087  radians  (.05  degrees)),  Che  distance  to  the 
display,  and  the' display  scale.  The  scanning  threshold  arises  from  Che 
dynamics  of  an  observed  quantity  and  the  pattern  and  frequency  with  which  it 
is  observed.  Tne  following  assumption  is  made: 

Assumption:  For  a  well  designed  scanning  pattern  of  displays  in  a  real 
system  and  normal  pilot  work  load,  the  scanning  threshold  of  an 
observed  quantity  will  be  approximately  half  the  standard  deviation  of  that 
quanti uv. 

This  assumption  allows  the  pilot  model  to  adapt  to  the  dynamics  of  the  dis^ 
played  quantities  as  well  as  a  changing  aircraft  environment.  The  indiffer¬ 
ence  threshold  is  subjective  and  represents  the  deviations  of  an  observed 
quantity  which  the  pilot  will  tolerate.  The  observation  threshold  used  in 
the  pilot  model  is  defined  to  be  Che  maximum  of  the  three  thresholds  dis- 
cussed  above: 

Threshold  =  Maximum  (perceptual  threshold,  scanning  threshold, 
indifference  threshold) 

Due  to  the  hazardous  flight  conditions  of  low  visibility  approach,  it  is 
assumed  that  the  indifference  threshold  will  not  exceed  the  scanning  thres¬ 
hold.  The  observation  thresholds  are  then  given  by 

Threshold  (v(i)  =  Maximum  (perceptual  threshold  (v(i)  ,  1/2 

The  quality  of  information  perceived  by  the  pilot  when  observing  a  quan¬ 
tity  will  depend  upon  the  dwell  time,  the  scanning  frequency,  and  also  upon 
the  correlation  of  the  quantity  with  other  observed  quantities.  In  the 
optimal  pilot  model,  information  quality  is  given  by  the  noise  to  signal 
ratio  of  the  observation  noise.  For  the  scanning  of  displays  for  a  two  axis 
control  task,  across  which  information  is  uncorrelated,  it  has  been  found 
that  the  noise  to  signal  ratio  of  observations-  should  be  increased  by  3  dB 
or  a  factor  of  r^o.  Correlated  observations  should  not  require  as  much 
signal  degradation.  Thus,  the  following  measurement  noise  coefficient  is 
proposed : 


Cy  =*  2  X  number  of  observations. 

This  form  results  in  a  3  dB  increase  in  noise  to  signal  ratio  of  the  obser¬ 
vation  noise  for  the  two  axis  control  task,  and  proportionately  smaller 
increases  for  additional  observations  in  the  same  axis  system. 

scanning  algorithm  is  incorporated  into  the  observation  roise 
algorithm  of  the  optimal  pilot  model.  The  observation  noise  algorithm  is 
presented  in  the  following  section. 
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Pilot  Model  Observation  Noise 


The  optimal  pilot  model  contains  observation  noise  to  represent  signal 
degradation  due  to  work  load,  scanning  effects,  and  signal  thresholds.  The 
autocovariance  of  the  observation  noise  given  by 


V  (i) 

-y 


where 


P  is  the  noise  to  signal  ratio  given  by 


=  .01, 

C  is  the  measurement  noise  coefficient  given  by 

y 

C  -  2  X  number  of  observations, 

y 

and  T(y(iy)  is  a  Gaussian  input  describing  function  for  the  threshold  non¬ 
linearity  [9] 


T(i(i))  *  cerf 


threshold  (y.(i)) 

n  (E  {^^(i)}^^^) 


Iteration  of  the  covariance  calculations  is  required  since  the  threshold 
gain  is  a  function  of  system  performance.  This  iteration  is  done  automa¬ 
tically  in  the  computer  program  FGD  PILOT. 


Pilot  Model  Motor  Noise 

The  optimal  pilot  model  contains  motor  noise  to  represent  random  errors 

in  the  execution  of  the  intended  control.  The  autocovariance  of  the  motor 

noise  V  is  given  by 
m 

V  =  C  ^  P  E  {u“(t)} 
m  m  m 

where  P  is  the  noise  to  signal  ratio  given  by 
m 

P  =  .003 
m 

and  is  a  motor  noise  coefficient  to  give  a  3  dB  increase  for  the  two  axis 
control  task,  given  by 

C  »  2. 
m 

The  autocovariance  of  the  motor  noise  completes  the  specification  of  quanti- 
ties  required  by  the  Kalman  filter. 
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Full  State  Prediction 


The  optimal  pilot  model  equalization  network  contains  an  optimal^  ..ull 
state  predictor  which  updates  the  delayed  full  state  estimate  generated  by 
Che  Kalman  filter.  Ic  is  required  by  the  predictor  Co  specify  the  pure 
tine  delay  x  by  which  Che  observations  v(t)  are  delayed.  The  typical  value 
of  .2  seconds  [3  -  12]  is  selected  for  the  pilot  model  algoritnm. 


Pilot  Model  Performance  Prediction 


The  optimal  pilot  model  synthesizes  pilot  control  performance  by  the 
generation  of  piecewise  constant  aircraft  system  statistics.  The  state 
covariance  matrix  X  arises  from  the  sum  of  the  covariance  of  the  fi’ter 
estimate,  the  covariance  of  the  estimation  error,  and  the  covariance  of  the 
predictor  error  lo].  Thus, 

X  =  E  {x  (t)x  ^(t) } 

—a  —a 
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The  standard  deviation  of  the  aircraft  stares  is  then  given  by 
E  {x.(t)}  =  /  (X).T  . 


Pilot  model  analysis  can  then  be  performed  by  the  evaluation  of  the 
performance  statistics.  Evaluation  is  typically  based  on  the  sub jective 
criterion  of  whether  or  not  the  pilot  model  predictions  exnibit  sufficent 
correlation  with  the  experimental  results.  The  additional  criterion  that 
the  pilot  model  performance  be  within  the  95%  confidence  interval  [30]  of 
the  experimental  results  is  imposed.  This  gives  a  firm,  but  realistic, 
measure  of  the  correlation  between  the  pilot  model  performance  and  experi¬ 
mental  results. 


Analysis  of  Phase  II  Simulation 

Both  ensemble  statistics  and  stationary  statistics  were  calculated  for 
the  three  visibility  conditions  from  the  recorded  simulation  data.  The  sta¬ 
tionary  statistics  were  found  to  be  consistently  smaller  than  the  ensemble 
statistics,  indicating  insufficient  run  length  to  obtain  a  stationary  system. 
Therefore,  pilot  model  analysis  can  be  applied  only  to  the  ensemble  statis¬ 
tics.  Furthermore,  only  ten  data  runs  were  made  for  each  visibility  condi- 
ciou,  icouliiiiig  ill  a  i.clcaLively  low  cuurideace  data  &et.  Tueteiore, 
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statistically  significant  trends  are  evaluated  relative  to  the  95%  conn- 
dence  intervals. 

The  mean  and  standard  deviation  of  the  ensemble  statistics  were  Plo“ed 
as  a  function  of  range  from  the  glide  slope  intercept  point.  The  plots  for 
•  *  A  latprAl  trackinz  error  for  the  three  visibility  conditions 
Tre'  e“ed“n  «  u  -  6  tSou|h  s!  The  Uceral  tracking  error  Is  Inl- 
MaUv  di-olLed  L  the  right,  in  all  three  cases,  indicating  an  erroneous 
initiL  trim  condition.  The  time  varying  means  are  indicative  of  the  non- 
statiorarity  of  the  system.  The  deviations  of  the  mean  error  from  the 
JoSnax  ieS  fLnd  to  be  reasonably  correlated  with  the  nonstationary  g^t 
stat' sties.  Therefore,  the  gust  model  in  the  pilot  model  program  is  scale 
t^plecewise  constant  gust  statistics  measured  from  the  simulation. 

ANALYSIS  OF  PHASE  II  PROGKArt  OBJeCTIVkS 

Pilot  model  performance  predictions  were  made  at  30.5  meter  (100  feet) 
altitude  ircrements.  To  provide  comparison  by  visual  inspection,  the  pilot 
mode?  sLndaJd  deviation  predictions  are  plotted  about  the  experimental 

•  viotiT-ee  5  throueh  10.  By  visual  inspection,  the  pilot  model  pre- 

of  til  pilot  model  indicates  that. due  to  large  gust  statistics  *t  that 

Umiters  in  the  flight  dire.ctor  had  become  saturated.  Therefore, 
lisifftcLic  coSoi  iSor^tL.  1.  provided  to  the  pilot  with  Jest  the 
flieht  director.  In  the  flight  simulation,  the  pilot  must  have  changed  his 
control  strategy,  based  on  raw  data  scanning,  to  compensate  tne  noo 

flight  director  performance.  Motion  cues  may  also  have  assisted  the  pilot 
in  performing  the  tracking  task. 

To  evaluate  the  effect  of  the  visibility  conditions  on  the  pilots  per¬ 
formance  scatter  diagrams  of  the  predicted  versus  measured  performan.e 
rormance,  scatt  g  intervals  for  the  measured  data  were 

““Uir<o^hf  :vriu,:™h.  rh.  .cotter  dlogr.,^  lor  th.  vortl„l  end 

icrcoral  tracking  error  are  presented  in  Figures  9  and  10.  Except  for 
lateral  tracking  error  p  altitude 

£0.  dote  poihts  portlcvlorly  ‘hdoo^lr^^  ^  „„£lg.pc.  Iptorvols 

:r;h;  ^LS^d^rofo?  IhoroloL.  »»  .totlstlcolly  olgnl£lco.t  tro.ds  occur 
between  visibility  conditions. 


SlL'iMARY  OF  OPTIMAL  PILOT  MODEL 


An  ootimal  pilot  model  algorithm  has  been  developed  for  the  analysis  of 
^  ^  cue  tom  The  aircraft  system  model  contains  both  lon- 

the  th^ro™  o/linearized,  piecewise  constant 

Sifficunrtc^uoho  forX  cohtrol  tool  oysto..  oor,hiy«ahlco ,  otohlllty 

:f“Strrd”'irv:!;p:":trtoToTu.o/r::;::oriod^^^^^^^^^ 
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Figure  9  Scatter  Diagram  for  Vertical 

Tracking  Error,  Phase  II  Simulation 
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Figure  10  Scatter  Diagram  for  Lateral 

Tracking  Error,  Phase  II  Simulation 
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coatrol  law  wnich  represents  the  task,  is  related  to  the  closed  loop  system 
frequency  response,  and  is  unique,  (2)  a  full  state  estimator  which  observes 
those  instruments  or  quantities  available  to  perform  the  flight  task,  and 
(3)  a  scanning  algorithm  which  accounts  for  the  scanning  pattern,  frequency, 
and  dwell  time,  as  well  as  the  dynamics  or  the  observed  quantities. 

The  cptimal  pilot  model  is  executed  by  the  digital  computer  program  FGD 
PILOT.  The  program  requires  specification  of  the  aircraft  configuration, 
the  appropriate  stability  derivatives  and  aircraft  model  gains,  and  the  gust 
parameters.  Tne  program  requires  minimal  inputs  for  the  pilot  model  to  per¬ 
form  the  control  task:  (1)  the  TASK  vector  to  define  the  flight  task,  (2) 
the  neuromuscular  frequency  limit  for  the  controller  configuration,  (3)  the 
SCA:i  vector  to  define  the  instruments  or  quantities  available  to  perform 
the  flight  task,  and  (4)  the  perceptual  thresholds  of  those  instruments  or 
quantities.  Otherwise,  the  program  is  self-contained  and  executes  the  con¬ 
trol  frequency  analysis,  the  scanning  algorithm,  and  all  iterations  required 
to  satisfv  the  control  law  and  statistical  approximations  made  in  the  air¬ 
craft  model.  Thus,  the  program  is  designed  for  easy  use  and  extension  to 
otner  aircrait  systems  and  tasks. 


of  the  ;o;alysis  of  the  phase  ii  low  visibility  simulation 

The  following  conclusions  are  dra^ai  about  the  data  base: 

1.  The  data  base  from  the  simulation  is  nonstationary,  precluding  opti¬ 
ma^  pilot  analysis  of  the  stationary  statistics. 

Initial  trim  condition  problems  resulted  in  non-zero  mean  lateral 
tracking  error. 

:he  following  conclusions  are  drawn  from  or  supported  by  the  pilot  model 

--.in a ivs is  : 

1.  i’ne  ^lide.  slope  and  localizer  tracking  errors  depend  significantly 
upon  the  current  gust  statistics. 

Under  the  conditions  of  approach  with  a  flight  director  through 
linear  fogs  in  a  gusty  environment  with  no  cross  wind,  glide  slope  and 
localizer  tracking  performance  does  not  depend  upon  the  fog  structure. 

3.  The  Collins  FD-109  flight  director  can  saturate  at  low  altitude, 
requiring  the  pilot  to  change  his  control  strategy.  Although  the  saturation 
property  can  aid  in  aircraft  safety  by  reducing  control  activity  at  low 
altitude,  the  resulting  degradation  of  information  quality  can  produce  a 
dangerous  control  situation  during  a  critical  phase  of  low  visibility 
approach . 
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CONCLUDING  REMARKS 


The  optimal  pilot  model  has  demonstrated  effective  synthesis  of  a  com¬ 
plete  piloted  airLaft  system.  The  pilot  model  algorithm  should  be  extended 
and  verified  for  aircraft  systems  with  other  stability  cnaracterist^s , 
controller  configurations,  displays,  and  for  other  control  tasks,  ^is 
development  process  will  result  in  a  pilot  model  which  can  be  used  confi 
dentlv^for  performance  prediction  and  analysis  of  aircrart  systems. 
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ABSTRACT 


A  control-theoretic  pilot  model  is  incorporated  in  the  analy¬ 
sis  of  pilot-aircraft  motions  during  maneuvers.  The  pilot  model 
-s  found  to  be  of  value  for  the  definition  of  maneuvering  i light 
-lability  boundaries,  and  it  simulates  pilot  control  actions  dur¬ 
ing  a  representative  task  with  reasonable  fidelity.  It  is  con- 
Luded  that  the  pilot  model  developed  here,  which  is  synthesized 
-ipidly  using  new  algorithms  for  solution  of  matrix  Riccati  equa- 
-Lons  'provides  important  capabilities  for  evaluation  of  flying 
aialities  and  for  identifying  proper  piloting  procedures  during 
iifficult  maneuvers. 


INTRODUCTION 


High-performance  aircraft  are  susceptible  to  degraded 
-Wing  qualities  during  maneuvering  flight,  and  the  effects  of 
li'loting  actions  play  a  significant  role  in  determining  overall 
■-vstem  stability.  The  pilot’s  task  is  made  difficult  by  the  need 
-o  adapt  control  strategies  to  varying  aircraft  dynamics,  by  po- 
-entiallv  high  work  load,  and  by  the  physical  and  mental  stresses 
associated  with  maintaining  safe  flight.  Under  such  circumstances 
improper  piloting  procedures  can  lead  to  inadvertent  loss  of  con- 
-rol.  This  paper  presents  results  from  a  study  of  pilot-aircraft 
interactions  during  high  angle-of-attack  flight.  A  multi-input/ 
-ulti-output,  control-theoretic  human  operator  model  is  developed 


•Contract  No.  N00014-75-C-0432  for  the  Office  of  Naval  Research, 
Department  of  the  Navy. 

Presented  at  the  12^^  Annual  Conference  on  Manual  Control, 
Urbana,  Illinois,  May  25-27,  1976. 
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■ind  'ippl  it'd  to  the?  stability  problem.  Effects  of  control  mechan¬ 
isms  (e.t;-,  conventional  stick-surface  linkages  and  aileron- 
rudder  interconnect),  and  pilot  adaptation  to  flight  condition 
;ire  d«*scribod.  Proper  (i.e.,  stabilizing)  control  actions  for 
m-inei'voring  flight  are  illustrated,  and  an  example  of  pilot- 
induced  oscillation  (PIO)  due  to  pilot  non-adaptivity  is  demon¬ 
strated  . 


CONTROL  THEORETIC  PILOT  MODEL 


The  optimal  control  pilot  model  (Fig.  1)  used  for  this 
analvsis  contains  the  following  elements:  an  estimator,  which 
proce.sses  the  pilot's  observations  to  provide  an  estimate  of^ 
the  aircraft  state;  a  controller .  which  mechanizes  the  pilot  s 
regulating  functions  and  transmits  the  results  to  the  neuro¬ 
muscular  dynamics;  and  a  neuromuscular  model,  which  represents 


r 


L 


Figure  1.  Block  Diagram  of  the  Pilot  Model  Containing  the 
Pade  approximation  to  Pure  Time  Delay 
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tin;  dynamics  of  the  pilot's  limbs.  A  block  diagram  of  the 
model  depicting  the  three  elements  is  shown  in  Fig.  1.  The 
model  r('p laces  the  pure  time  delay  that  is  commonly  modeled  in 
human  observations  (Ref.  1)  by  a  first-order  Pade  approximation, 
a  substitution  frequently  made  in  analysis  of  human  response 
using  quasi-linear  human  models  (Ref.  2).  The  substitution  is 
useful,  because  it  allows  the  predictor  equat ions  in  the  pure-time- 
dolay  optimal-control  model  to  be  eliminated.  The  aircraft  and 
pilot  model  then  can  be  combined  in  a  single  linear,  time- 
invariant  equation,  shown  by  Eq.  6  in  the  appendix.  This  form 
is  easier  to  simulate,  and  its  stability  and  response  chc-*racter— 
istics  are  readily  defined  by  eigenvalues  and  eigenvectors.  From 
the  separation  principle  for  linear-optimal  stochastic  regulators 
(Ref.  3),  the  stability  of  the  pilot  model's  estimation  and  con¬ 
trol  dynamics  can  be  defined  independently,  i.e. ,  the  eigen¬ 
values  (or  poles)  of  the  pilot  estimator  are  uncoupled  from  the 
closed-loop  poles  of  the  pilot  controller-aircraft  system.  Simi- 
Inrities  b(;tween  the  pure-time-delay  model  and  the  model  in  Fig.  1 
include  identical  numerical  values  for  the  pilot  control  strategy 
matrix”  C,  the  observation  covariance  matrix  associated  with 
•,v  (Li!  and  the  neuromotor  noise  covariance  matrix  associated 

wi  Av  ( t ) .  .  . 

Two  new  algorithms  have  been  derived  for  generating 

the  coefficients  of  the  pilot  model.  One  solves  the  regulator 
Ric<*ati  efjuation  and  the  other  solv*es  the  estimator  Riccati  equa¬ 
tion".  These  algorithms,  are  self  starting  and  completely  auto¬ 
mated  for  computer  implementation.  The  regulator  algorithm  is 
shown  in  the  appendix,  and  the  estimator  algorithm  can  be  found 
in  Ref.  4.  A  unique  feature  of  these  algorithms  is  that  any 
number  of  controls  can  be  used,  and  current  results  have  been 
obtained  with  up  to  three  concurrent  pilot  outputs  (longitudinal 
.stick  lateral  stick,  and  rudder  pedals).  The  pilot  model  for 
this  analy.sis  is  supported  by  a  fully  coupled,  linear,  six  degree- 
of- freedom,  aircraft  simulation,  '^Ref.  5).  The  pilot  model  longi¬ 
tudinal/lateral-directional  modes  are  coupled  or  uncoupled  depend¬ 
ing  on  the  coupling  in  the  aircraft  model. 

Investigations  of  pilot-aircraft  instability  using  the 
con t ro 1 — theore t ic  pilot  model  fall  into  two  categories,  those 
in  which  the  pilot  fails  to  stabilize  an  unstable  aircraft,  and 
those  in  which  the  pilot  destabilizes  a  stable  aircraft.  In  the 
first  case,  the  pilot's  time  delay,  observation  noise,  neuromus¬ 
cular  time  constants,  and  scanning  factors  are  important  param¬ 
eters.  Assuming  that  the  aircraft’s  linearized  dynamics  have  one 
or  more  unstable  eigenvalues,  the  analysis  determines  pilot  param¬ 
eters  for  which  the  optimal  control  model  fails  to  exist.  The 
optimal  control  model  fails  to  exist  when  one  of  the  model  algo¬ 
rithms  diverges,  i.e.,  when  it  is  not  possible  to  obtain  a  steady- 
state  solution  to  one  of  the  Riccati  equations. 

The  second  category  is  related  to  the  pilot's  ability 
to  adapt  to  changing  flight  conditions.  Straight-and-level  flight 
at  low  angles  of  attack  is  a.  typical  operating  condition.  Tn 
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■  I  oc  aif  combat  and  tracking,  th©  pilot  must 

many  " ‘ through  widely  varying  tlight  cuuditions 
",7‘hi"ra.‘sterof attack  ?eiuUlns  In  rapidly  changinB  aircraft 
(lvn-im7cs.  These  include  such  changes  as  the  onset  of  adverse 
lino'  to  ailerons  the  migration  of  roll  and  spiral  roots  to 
l.siliois  and  large  variations  in  the  natural  frequency  and  damp- 
inir  of  short  period  and  Dutch  roll  modes.  With  the  mean  angle  of 
attack  a  changing  in  some  instances  faster  than  a  degree  per 
sic^nS’  ?n4  pUof  miy  not  have  the  time  to  update  his  control 
struegv  fas?  enough,  and  local  instabilities  can  result.  For 
olc^mpl?  pilot-induced  oscillations  (PIO)  and  departures  can 
(u:cur  because  a  control  stratep  which  is  appropriate  to 
ri  iirht"  condition  is  destabilizing  in  another. 

The  control-theoretic  pilot  model  can  be  used  to  analyze 
n<inidanting  pilot  behavior  in  a  straightforward  manner.  In  the 
"xamptes  conLdered  here,  the  pilot  nKJdel 's  control  strategy^ma- 


isiaert^u  -  -  rrui^ 

rrix  C  is  first  determined  at  a  low-ag  flight  condition.  Th^s 
oMin ’matrix  is  frozen  and  the  aircraft’s  dynamics  are  allowed  to 
rhanro  The  stability  of  the  pilot-a3 rcraf t  system  is  determined 
bv'  i  ts' eigenvalues.  The  Kalman  filter  dynamics  are  alw-ays  as- 
•timod  tc  be  adapted  and  stable;  thus,  the  Kalman  filter 
am.ct,“the  slmSlatioh  transient  ot  the  non-adapted  pilot  model 
and  does  not  affect  its  stability. 


EFFECTS  OF  FLIGHT  CONDITIONS  ON  PILOT-AIRCRAFT  STABILITY 


The  open-loop  stability  limits  of  the  reference  aircraft 
are  shown  in  Fig.  2.  The  primary  instabilities  are  an  unstable 
'Dutch  roll  mode  in  a  band  centered  near  uo  =  20  ^eg  and  an  un¬ 
stable  roll/spiral  combination  in  a  band  near  uq  -  JU  aeg. 


£ZZ2 


Figure'  2.  Open-Loop 
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Tho  nilofs  control  outputs  can  include  lateral 
•  11  control  lon=>-itudinal  stick  for  pitch  control,  and  pedals 
^  ’  whf-n  the  aileron-rudder  interconnect  system  (ARI) 

colands  to  aileron  are  phased  out 
ir  clases  bl'ld  lOdeg,  and  lateral  st  Ick-to-rudder  com- 

„ed  wick  the  nonadapted^Pilot^- 

;  no' sSar?.^^,iih  a  ■  lo- 
V  :  hi.  dine  error  which  is  to  be  nulled  by  the  pilot  model. 

T^''ri  rrre^"  illustrate  that  the  modeled  control  patterns  are  very 
ne^Jtof ?o^nu?r?o5f ?a?4  Inf  tl^ zlvlToll  ansle  at  the  new  head- 

i^t-raf reli^n^e  bi^ordlnirer ^onfr^l^S  ^sjlS  ^nd  ?eiaK" 
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At  hik^her  ant^les  of  attack,  adapted  pilot  model  behavior 
and  without  the  ARI  can  be  determined.  Figure  4  shows  such 


vior  at  a 


o 


30  deg, 


=  0  deg  for  control  with  lateral 
k  alone  When  the  ARI  is  off.  as  in  Fig.  4b,  the  pilot  model 
use  a  ;tick  deflection  which  is  apposite  to  the  normal  moi.- 
to  null  the  yaw  angle.  When  the  .ARI  is  on.  as  in  Fig.  4a^ 
pilot  iodel  uses  normal  low-ao  procedure  to  null  the  yaw  an^le, 
negative  lateral  stick  to  roll  negatively.  From  Fig.  a  it 
be  seen  that  the  ARI  achieves  its  purpose,  in  terms  of 
ing  tne  same  piloting  procedure  at  high  and  low-io  f-r  lateiai 

k  control. 


a)  ARI  On 


1.0  2.0  3.0 

TIME  (SECJ 


4.0  &.0 


5  0-1  (- 


Figure  4. 


b)  ARI  Off 
Adapted  Lateral  Stick  Alone 


Piloting  Procedure  at  a^-30  deg 

Figure  5  shows  adapted  pilot  model  behavior  at  higb-aQ 
lor  combined  control  with  lateral  stick  and  Pedals.  ^ 
of  Fig.  5b  with  Fig.  3a  shows  that  the  lateral  stick  movements 
•ire  similar,  as  are  the  initial  pedal  movements;  however, 

final  pedal  positions  are  opposite  in  sign.  The  positive  peda _ 

r>oc,4t’op  in- Fig.  5b  is -counteracting  the  aaverse  yaw  causeo  oy 
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Original  pagp  o 

OF  POOR  OU.A-  ^ 


a)  ARI  On 


b)  ARI  Off 


Figure  5.  Adapted  Lateral  Stick  and  Pedal 
Piloting  Procedure  at  =  30  deg 

positive  lateral  stick  at  high  ao-  Figure  5a  shows  stick/pedal 
•ontrol  procedure  at  high  ao  with  the  ARI  on.  The  large  control 
are  not  unexpected.  At  do  ',30  deg,  lateral  s  ick  an.d 
nodal  both  control  only  rudder  and  their  movements  conflict.  It 
possible  to  tncorpJHte  this  known  conflict  by  increas¬ 
ing  the  appropriate  penalty  weights  in  the  design  equation  In 
the  present  examples,  the  weighting  matrices  are  held  constant 
to  illustrate  the  effects  of  the  pilot  maintaining  constant  trade¬ 
rs  rfs  between  allowed  state  errors  and  control  usage. 

Nonadapted  piloting  effects  on  pilot-aircraft  stability 
regions  can  be  presented  in  the  aircraft's  aQ-Bo  Plane.  The  re¬ 
gions  of  instability  are  determined,  as  previously  mentioned, 
by  rixingpilot  control  strategy,  C,  and  determining  eigenvalues 
of  the  closed-loop  system  (Eq.  6).  Figure  6  shows  the  stability 
regions  for  three-control  piloting  procedures,  and  Fig.  7  shows 
stability  regions  under  the  assumption  that  the  pilot  does  not^use 
nodal  control.  In  all  cases  the  pilot  model  is  adapted  to  tto" 

10  dog  and  6^  =  0  deg  (denoted  by  0  in  the  figures).  The  insta¬ 
bilities  of  the  longitudinal  modes  (phugoid  and  short  period) 
are  the  same  in  both  cases,  since  the  ARI  does  not  affect  lonp 
tudinal  control.  From  Fig.  3a  and  4b.it  if  evident^ that  if  the 
i-ilot  model  does  not  adapt,  at  30..1C  point  low  ao  p o-ng 
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X  DUTCH  POLL 
V  UNSTASLE 


PILOT'S 

adaptation 


angle  op  attack.  Oq 
a)  ARI  0« 


A.NGLE  OP  ATTACK,  lJ«0> 

bJ  ARI  On 


FiRure  7.  Stability  Boundaries  for  2-Control  Piloting  Procedures 

procedure  will  cause  instability  because^of^adverse^^^^  Fi| 

f  icJo.ea-.oop, 

throe  controls  are  used  with  the  ARI  off,  one  in 

incorrect  Udi^te  that°tt.e  ARI  e  Iminates 

;;;o^i“pirS  ln.Sf.in  fseen  In  RlR.  andja^^.ut^lt  introduce. 

cohered  on  20  den  and  32  den  angle  ot 

attack. 


the 


Simulations  of  nonadapted  procedure  are  readily  obtained 
usinc  the  control-theoretic  model,  and  these  are  shown  in  Figs. 

8  and  9.  Figure  8b  shows  the  unstable  spiral  mode  response  with 
ARI  off  where  negative  lateral  stick  yaws  the  aircraft  positively. 
Figure  8a  shows  the  unstable  Dutch  roll  mode  with  ARI  engaged,  of 
which  only  one  cycle  is  evident.  Note  that  negative  lateral 
stick  deflection  causes  the  correct  initial  yaw  response,  but 
Dilot  model's  stick  movement  does  not  compensate  fast  enough. 
Figure  9b  shows  the  unstable  spiral  mode  for  three  controls 
with  the  ARI  off.  The  initial  direction  in  yaw  angle  is  cor¬ 
rect  but  sluggishness  in  control  movement,  particularly  in 
Dedai.  causes  the  .instability.  The  simulation  in  Fig.  9a  is 
Stable  for  three  controls  with  the  ARI  on.  A  comparison  of 
Fie.  9a  with  Fig.  3a  shows  that  the  pilot  model  successfully 
uses  the  same  strategy  in  both  cases,  but  the  10-deg  strategy 
provides  too  little  damping  at  ~ 


a^=  30  deg. 


a )  ARI  On 


b)  ARI  Off 

Figure  8.  Use  of  Low-ao  Piloting  Procedure  in  High-Oo  Flight 
With  Lateral  Stick  Alone.  Pilot  is  Adapted  to  Oq  =  10  deg; 
aircraft  is  at  Oq  =  30  deg. 
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b)  ARI  Off 

Fitiuro  9  Use  of  Low-ao  Piloting  Procedure  in  High-Co 
Flight  with  Lateral  Stick  Plus  Rudder  Pedals 


\  direct  indication  of  the  destabilizing  influence  which 
a  nonadapted  pilot  could  have  and  which  could  lead  to  pilot  in- 


durc'd  oscillations  is  illustrated  in  Fig.  10.  Figure  10a  shows 
the  natural  rolling  motion  of  this  aircraft  at  Uo  -  20  deg.  "'hich 
Ks  a  con.sequence  of  a  slightly  unstable  Dutch  roll  mode 
lOb  the  ARI  is  on,  the  pilot  model  is  adapted  fo  ao 
flight  and  there  is  an  initial  sideslip  perturbation  (A3)  of 
one  dog  If  the  pilot  uses  the  low-ao  learned  response  to  at¬ 
tempt  to  null  AB  and  Ap.  he  may  inadvertently  ';pump"  energy  into 
the^-'rowing  AB  oscillation  through  the  aileron  s  adverse 
the  Tvsiilt  is  a  pilot-induced  diverging  oscillation  whose  char¬ 
acteristics  would  normally  be  associated  with  wing  rocjc.  The 
hir-lv  oscillatory  nature  of  the  control  actions  presumably  is 
U.t  JLuU  of  Stations  on  the  control  rates  which  the  pilot 

model  is  able  to  use. 


LIMITS  OF  CONTROLLABILITY 


For  the  reference  aircraft  and  flight  conditions,  no 
pilot  model  algorithm  instabilities  are  encountered  la  la.o 
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a)  Open  Loop  Response 


b)  Piloted  Response 

Fissure  10.  Sideslip  Response  at  Oq  =  20  deg  with  Lateral 
Stick  Alone,  ARI  On,  and  the  Pilot  Model  Adapted  to 
ao  =  10  deg 


analysis,  even  when  parameters  of  the  pilot  model  are  varied 
within  accepted  limits  of  neurophysiological  capability.  In 
other  words,  the  model  indicates  that  the  pilot  is  capable  of 
adapting  his  control  strategy  to  stabilize  the  aircraft  through¬ 
out  the  flight  regine  investigated  here.  Nevertheless,  for 
other  aircraft  or  flight  conditions,  the  model  could  fail  to 
e.xist,  and  this  would  be  a  direct  indication  that  a  human  pilot 
could  not  provide  effective  control  in  a  similar  situation. 

The  lack  of  an  optimal  control  pilot  model  for  certain 
conditions  has  been  shown  indirectly  in  Refs.  6  and  7,  and  ex¬ 
amples  of  the  nonexistence  of  optimal  control  pilot  models  are 
shown  explicitly  in  Ref.  4  for  a  scalar  system  with  time  constant, 
T55.  Reference  4  indicates  that  the  pilot  model  regulator  Riccati 
equation  does  not  have  a  solution  if  ^  -Tg, where  Tn  is  the 
nouromotor  time  constant.  A  comparison  of  this  result  with  actual 
experimental  results  contained  in  Ref.  8  can  be  made.  In  Ref.  8, 
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1  T  which  first  resulted  in  unstable  conditions  are  de- 

^aluef  of  ^rcan  be  predicted  as  =  -Ts/2  since  this 
'■‘"T.  ;nhTlitrboundary  for  the  control-theoretic  pilot  model. 

IS  the  stabili  i  results  of  the  comparison.  There  is  good 

Tab!.;  1  f “bb"  In  Table  1  and  known  valnes 
L  control-theoretic  model  has  exis- 

o.  rn(0.08  to  0.12  sec).  ^  ^he  system's  unstable  eigen- 

tence  difficulties  lo)  Experience  with  the  pilot 

values  are  greater  ^^an  5.0  (!„  >  .lU)^  estimator 

oxtsLarcrSffSc^lSL  can  be  encountered  -ith  system  open-loop 

::i?r;Slrblcoie:fbe^d^cid'S.'?a^lSfl;/^ns?abaitT. 


Table  1 


Experimental  Stability  Boundaries 


Subject 

Value  of  Stability 

Boundary  in  Ref.  8,  sec 

Corresponding  Optimal 
Control  Model  Predicted 

Tn* where  =  -Ts/2.  sec 

ETP 

-0.152 

0.076 

EWV 

-0.169 

0.  085 

ms 

-0.182 

0.091 

KED 

-0 . 222 

0.111 

CONCLUSION 


ThiR  oaoer  has  illustrated  several  ways  in  which  a  con- 

tern  Jd  the  pilot  is  incapable  of  providing  sta- 

bU^n  n^confro?  lotions  o/tbe  pilot  can  “"f 

cimditttnr  aptlyttg  cott?ol  strategies  which  are  suitable  tor 
no^iicht’ condition  in  a  dynamically  dissimilar  situation.  Al- 
d2?ailed  in  this  paper,  the  stability  boundaries  and 
iimufated  time  histories  established  with  the  nonadapted ^pilot 
model  are  compaxible  with  experimentai  results  ooxaiueu  x.um  ....xu 
ned  simulation  and  flight  test. 
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An  inverse  interpretation  of  the  results  obtained  with 
the  adapted  pilot  model  is  that  they  specify  what  the  pilot  must 
do  in  a  Riven  dynamic  condition  to  achieve  well-behaved,  stable 
aircraft  response.  Given  the  accepted  physiological  parameters 
contained  in  the  design  equations,  the  model  illustrates  what 
the  wcl 1-motivatea  pilot  can  do  to  null  flight  path  errors  with 
available  control  effectors;  hence,  it  identifies  logical  cues 
for  compensatory  control,  and  it  graphically  depicts  control 
deflection  histories  which  can  be  learned  as  adjuncts  to  precog— 
nitive  control.  It  is  concluded  that  the  control-theoretic  pilot 
model  is  a  valuable  tool  for  further  analysis  of  aircraft  handling 
qualities  and  for  understanding  the  piloting  skills  which  are  nec¬ 
essary  for  maneuvering  flight. 
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APPENDIX 


Mathematical  Equations 

Small  perturbations  in  aircraft  motion  are  approximated 
by  the  l inear-t ime- invar iant  system 

Ax(t)  =  FAx(t)  t  GAu(t)  +  Aw(t)  (ll 

where  Ax(t)  represents  the  perturbation  motion,  Aw(t)  represents, 
disturbance  noise,  and  Au( t )  is  the  pilot’s  compensatory  control. 
The  observations  of  the  pilot  a.'o  assumed  to  be 


Ax(t)  =  HAx(t-r)  e  DAu(t-T)  +  AVylt-x)  (2) 

wher<-  T  is  the  pilot  time  delay  and  Av  (t)  represents  pilot  ob¬ 
servation  noise.  The  pilot  is  assumed^ to  choose  Au(t).  when 
behaving  optimally,  by  minimizing  an  infinite-time  quadratic 
cost  functional.  This  produces  the  control  law 


Au(t)  =  -RLAu(t)  +  CAx(t)  +  Av^(t)  (3) 

where  AVu(t)  represents  pilot  neuromotor  noise.  The  matrix,  C, 
is  the  pilot’s  feedback  control  strategy  and  the  matrix,  Rl,  has 
the  form 


R 


L 


1 

tni 


0 

0 


0 

1 

'^n2 

0 


(4) 
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where  the  scalars , Tni , ^are  neuromotor  time  constants  of  human 
limbs.  The  vector,  Ax(t),  represents  the  pilot’s  estimate  of 
the  aircraft  states  based  on  observing  The  pilot  model 

observations  can  be  restructed  by  using  the  Pade  approximation 
to  e-TS  in  Eq.  (2)  as  follows; 

Ax(s)  =  |^((HAx(s)  +  DAu(s)  +  AVy(s)j  (5) 

Using  Eq.  (1),  (3),  and  (5), the  closed-loop  pilot  aircraft  sys¬ 
tem  can  be  shown  to  be 


Ax(t) 

G  0  j  0 

0 

0~ 

Ax(t ) 

1 

1 

Aw(  t ) 

Au(t) 

c 

1 

o 

o 

0 

0 

Au(t) 

I  I  0 

1 

AVu(t) 

Az(  t ) 

H 

D  [-f  l]  1  0 

0 

0 

Az(t) 

1 

I 

1 

AVy(t) 

— 

— 

— 

+ 

1 

1 

Ax(  t) 

1 

1 

1 

Ax(  t ) 

1 

1 

1 

1 

Au(  t ) 

0  i 

I 

^f 

Au(t ) 

-I  1  K 

-AVy(t) 

Az(  t ) 

1 

-J 

Az(t ) 

J 

1 

1 

1 

_ 

(6) 


In  Eq.  (6),  Ff  is  the  closed-loop  filter  matrix  and  K  is  the 
Kalman  filter  gain.  The  states  Ax(t),  Au(t),  and  Az(t)  are  the 
estimation  errors.  The  states  Az(t)  are  used  to  represent  the 
delay  after  the  Pad6  approximation.  The  matrix  C  does  not  change. 


Assumpt ions 

The  pilot  model  outputs  drive  the  aircraft  through  the 
matrix,  G,  which  is  adjusted  to  account  for  the  ARI  being  on  or  off. 
The  pilot  is  assumed  to  observe  only  the  perturbation  angles  and 
angular  rates  of  the  aircraft.  The  pilot's  observation  noise-to- 
signal  ratio  is  set  at  0.025:t  to  account  for  scanning.  The  neuro¬ 
motor  noise-to-signal  ratio  is  set  at  0.003ir.  The  pilot  is  assumed 
to  have  a  time  delay  of  0.2  sec  and  a  neuromuscular  time  constant 
of  0.1  sec  for  each  limb. 

The  state  and  control  weighting  matrix,  Q,  is  adjusted 
until  a  reasonable  set  of  mean-square  covariance  values  of  the 
aircraft  states  are  obtained  (Ref.  4).  Present  results  indicate 
that  closed-loop  eigenvalues  of  the  pilot  model  regulator  may  be 
relatively  insensitive  to  Q.  The  adjustment  of  the  control-rate 
weighting  to  maintain  Rl  in  the  optimal  control  pilot  model  ap¬ 
pears  to  have  a  strong  effect  on  relative  weightings  of  states 
and  controls.  The  control-i ate  weighting  matrix,  R,  is  found 
using  the  following  new  algorithm. 
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Pilot  Model  Regulator  Algorithm 

The  pilot  model  regulator  Riccati  equation  is  given  by 

0  =  SF'  +  F^’^S  +  Q  -  SG"R~^G''^s  (7) 

where  R  weights  the  control  rate  and  Q  weights  the  states  and 
controls  in  a  quadratic  cost  functional.  The  following  substi¬ 
tutions  are  made: 


F  I  G 


II 

r"] 

II 

0 

[-?-] 

11 

CO 

r=u  i 

5;:‘T 

(8) 


(9) 


(10) 


!>L  ■  "''‘=22 


(11) 


Solving  for  R  in  Eq.  (11)  and  using  Eq.  (9),  Eq.  (7)  can  be  re¬ 
stated  as  follows: 

-T, 


0  =  SF'  +  F''^S  +  Q  -  SG'(G''^SG'R"^)  G^'^S  (12) 


Using  a  procedure  similar  to  that  of  Ref.  9,  if  an  initial_^So  can 
be  found  in  the  contraction  mapping  convergence  sphere  of  ^q.  (12), 
repeated  substitution  converges  to  the  solution  of  Eq.  (12).  The 
following  iterative  scheme  strives  to  achieve  the  solution: 

(1)  Choose  a  positive  definite  Rq  and  solve  for  Sq 
in 

0  =  S^F'  +  F"S^  +  Q  -  SoG"Rq^G'’^S^ 

(2)  Continue  with  the  following  until  some  convergence 
criterion  is  satisfied  (unless  does  not  become  greater  than  R2) 

“k  ■ 


<11  ■ 


K  =  1,  2,  .. 
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(3)  If  Ri  does  not  become  greater  than  R21  increase 

R  and  go  back  to  (1). 
o 

(4)  If  Rq  exceeds  a  maximum  acceptable  value,  either 
Rq  is  larger  than  the  stopping  value  or  no  solution  exists. 

The  philosoohy  is  to  choose  a  stabilizing  Sq  that  is  greater 
than  the  solution  S.  Reference  10  provides  a  similar  algorithm 
in  which  Rt  =  ol,  where  a  is  a  scalar;  R  is  therefore  symmetric 
(Eq.  (11))7  The  algorithm  developed  here  requires  only  that  R^ 
be  an  appropriate  positive  definite  matrix;  hence,  R  may  be 
asymmetric . 
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analysis  of  a  manned  anti-aircraft  artillery  (AAA) 

system  using  a  PROPORTIONAL-INTEGRAL-DERIVATm  (P-I-D) 

STRUCTURE  OPTIMAL  CONTROL  GUNNER  MODnL* 

By  Anil  V.  Phatak  and  Kenneth  M.  Kessler 

Systenis  Contml.  Inc.  (Vt) 

Palo  Alto,  California 


INTRODUCTION 


^nalvci-  is  the  evaluation  and  prediction 
An  important  problem  m  j.A„„ft  artillery  (AAA)  system.  A 

of  system  performance  of  a  “"”f„““„“u£ic.tlo„  reqelre.,  the  development 
systematic  approach  to  manned  "«"“7f“ 

and  integration  of  models  tor  t.  algorithm  that  can  be  used  for 

the  human  gunner  into  a  "“^’“‘^ncuLcv  and,  hence,  the  confidence 

analytical  and  ‘“j”  HTlaarly  Sp.ndent  on  the  fidelity  of  bde  models 

in  the  analysis  algorithm  is  =1*"^  ^  ^„ents  of  the  weapon  system  and  most 

used  to  describe  the  indivioua.  several  computer  simulation 

importantly  the  human  gunn  ’  attrition  when  eiiposed  to  var-ojs 

programs  [1]  for  preaictmg  weakness  of  existing  anti-aircraft 

defense  systems.  ®  ^  is  in  the  submodels  they  utilize  to  descri 

artillery  nee.  Typically,  fined  empirical  models  er^_ 

'hr„  gS.ara'^e-d  ^irhour  ad.gnar.  tn.oraticai  . . .  . 

atic  validation. 

This  paper  describes  the  Ji^airSt^Ltillery  attrition 

model  suitable  model  with  a 

aleorithm.  .in  optimal  control  describe  the  human 

Hc^rivative  (P-I-D)  controller  stru^  ^  -  effective  manner.  Experi- 

gunner’s  input-output  used  in  formulating  and  validating 

men^Jl  data  from  manned  AAA  ^h^gunner  model  includes  target 

rhe  P-I-D  optimal  control  gunner  •  adaptive  characteristics 

trajectory  dependent  lower  order  internal  (to 

the  human  controller,  and  (1^°^  system  and  target  trajectory) 

repreLntations  of  the  system  limitations.  The  model  fomulation 

reflect  realistic  human  3^ifieient  number  of  its  higher  order 

-  -  ruru"5e:rr\rdei%™iation  represents  a  significant 

vA fives.  tnis 


-^is  uoph  UUS  s.uppoPCcd  hy  -  .rdrc'ohS"  ”3ei5-7b-C-300i-. 
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apnarture  from  the  standard  optimal  control  model  [2]  which  requ-  es  explicit 

•  ►hio  pacp"*  dvnamics.  The  P-I-D  fornalation  in  terms  of  the  display 
outLr (tracking  error)  in  the  AAA  task  has  improved  mathematical  properties 
overth^stSiard  ;eprLentation  (e.g..  complete  controllability  with  _ 
over  the  inout)  and,  in  addition,  has  the  advantage  of  being 

appears  rr:Lu,’racoacllabla  vUh  ola.alcal  »„„ol  theoay 

methodology • 

The  human  gunner  response  data  used  for  developing  and  *-alidating  the 
gunner  model  was  obtained  from  experiments  conducted  at  the  Aerospace  Medical 
gunne  /AvroT  /fmtI  VT^AFB  Ohio.  A  brief  description  of  the 

r:  S  h  Slva,  bala.  Co  pravU.  the  reader 

“;rSe  «cL»r)  iaeUroapd  to  Inr.rprer  rh.  veaalr,  prea.ared  ,a  rhrs 
paper. 


THE  ANTI-AIRCRAFT  ARTILLERY  TASK 


The  general  configuration  of  the  manned  AAA  simulation  is  shown  in 
F-crp  1  Two  gunners,  one  each  for  the  azimuth  and  elevation  axes,  observe 
the  tar<’et  aircraft  through  a  gunsight  with  approximately  a  o  q 

The  size  of  the  displayed  aircraft  subteuds  approximately  a  constant  0.5 
vSuIl  Lgle  wJth  rLpLt  to  the  gunner.  Consequently,  no  range  inrormation 
"arbe  SwLd  from  the  vlau.l  diapla,.  The  guarlg.  t  dyha.roa  ».re  aeleetad 
to  be  representative  of  an  actual  .AAA  weapon  system.  Rate-aiaed  sight 
dynamics  given  by 


TARGET 

TR.UECTORY 


Figure  1. 


Conliguracion  of  che  Manned  AAA  Simuiacion  txperinencs 
(Conducted  at  the  AMRL,  WPAFB,  Ohio) 
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f 


X 


G(s)  = 


9  (s) 


64(s  +  l) 


u(s) 


s(s^  +  12s  +  64) 


(1) 


were  used  for  both  the  azimuth  and  elevation  axes.  The  two  axes  are  uncoupled 
and  have  two  independent  hand  cranks  for  use  by  the  human  gunners.  Target 
ai -craft  fly-bys  of  45  s  duration  corresponding  to  various  levels  of  diffi¬ 
culty  were  selected  in  a  randomized  fashion  from  a  set  of  4  trajectories  as 
shown  in  Figure  2.  The  operators  were  sufficiently  trained  before  tracking 
data  was  collected.  Specifically,  15  runs  per  target  trajectory  were  con¬ 
ducted.  Time  histories  corresponding  to  the  azimuth  and  elevation  axes  were 
recorded  for  target  trajectory,  gunsight  position,  gunsight  rate  and  crank 
position  and  digitized  at  25  Hz.  These  data  were  ensemble  averaged  across 
the  15  runs  per  team  to  yield  the  ensemble  statistics  of  the  recorded  vari¬ 
ables.  Any  representation  for  the  human  gunner  must  be  capable  of  duplicat¬ 
ing  these  response  patterns  according  to  some  consistent  functional  model. 

The  following  paragraphs  describe  the  development  and  validation 

of  a  human  gunner  model  that  is  consistent  with  the  ^MRL  e^erimental  data 

and  known  human  psychophysical  characteristics  and  limitations. 


HUMAN  GUNNEK  MODEL  DEVELOPME.NT 


Several  different  approaches  toward  human  operator  modeling  have 
been  proposed  over  the  past  thirty  years.  The  human  has  been  characterized 
as  a  digital  controller,  a  finite-state  machine,  a  describing  function,  and 
an  optimal  feedback  controller.  However,  since  its  formulation  about  seven 
years  ago,  the  standard  optimal  control  model  UJ  nas  emerged  as  one  oi  Lne 
most  promising  models  for  the  study  of  complex  man-in-the-loop  control  sys¬ 
tems  The  primary  reason  for  the  success  of  the  optimal  control  theoretic 
model  lies  in  the  flexibility  of  the  modeling  technique  in  handling  multi- 
variable,  multiaxes,  multicue,  nonlinear  and  nonstationary  stochastic  con¬ 
trol  situations  within  a  well  developed  and  general  state  variable  optimal 
control  (Linear-Quadratic-Gaussian)  framework.  The  details  of  the  standard 
optimal  control  model  are  documented  extensively  in  the  literature  and, 
therefore,  are  not  discussed  in  this  paper.  However,  recent  efforts  have 
shown  the  utility  of  using  a  simplified  version  of  the  standard  optimal 
control  model  [3-5]. 

The  modified  optimal  control  model  [4]  retains  the  basic  hypothesis 
that  a  trained  human  operator  in  a  precision  control  task  behaves  like  an 
optimal  estimator  and  controller  in  achieving  the  task  objectives  subject  to 
hL  inherent  psychophysical  limitations  or  constraints.  Specifically,  the 
model  assumes  that:  (1)  the  trained  human  operator  has  an  internal  state 
variable  model  relating  the  displayed  variables  to  his  controls,  (2)  the 
operator  has  a  noisy  perceptual  channel  and  Perceives  the  displayed  variables 
(Lt  rates)  contaminated  by  observation  noise,  (3)  the  operator  is  ^ 
state  (internal  model  state)  estimator  and  controller,  and  (4)  the  operat  r 
chooses  a  control  law  that  minimizes  a  quadratic  cost  functional  in  terms 


797 


TRAJ  ECTORY 


of  Che  internal  state  vector,  the  control  vector,  and  in  some  cases,  higher 

u  ,.,.^1  H»rivatives  (k'^^  derivative  formulation).  The  resulting  modi- 
H  c»  o  M41  is  as  sho»„  in  Figure  3.  the  displayed  stare 
5(0  is  corrupted  by  observation  noise  ».(t)  and  the  operator  is  assu-^d 


to  perceive  their  sum.  The  Kalman  filter  utilizes  the  internal  state  varx- 
Ible  model  adopted  by  the  human  operator  in  estimating  the  internal  states. 
Se  c^tJoller  subseUntly  operates  on  this  state  estimate  according  to  an 
optimal  control  law  to  yield  the  operator’s  control  actions  (inputs  to 
controlled  system). 


Inherent  to  this  approach  is  the  central  assumption  that  the  human  has 

learned  or  developed  an  internal  state  variable  model  for  the  system 

knowledge  of  his  control  (efferent)  and  perceived  (afferent)  variables.  The 

j  A  TM-nar-h  TQ  fo  assuTie  that  the  human  has  explicit  internal  state 

standar  ^pp  controlled  system  dynamics  (gunsight),  noise  disturb- 

variable  models  for  ''I*®  traiectoriL) .  An  alternative  formulation 

and  command  inputs  ^target  crajeccorieiD; . 

irto  assume  that  the  human  learns  an  input-output  type  of  internal  model 
relating  the  human's  control  variables  to  the  displayed  variables  alone, 
r!iuiriL  no  explicit  representation  of  the  actual  system  dynamics  or  dis- 
inputs.  Such  a  model  is  feasible  and  preferable  from  an 
analytic  as  well  as  intuitive  viewpoint  for  describing  human  gunner  behavior 
in  an  AAA  tracking  task  [5].  Under  these  assumptions,  the  resultant  modi- 
fLro^Urcontrol  model  (shown  in  Figure  3)  has  the  familiar  proportional- 
intesral-derivative  (P-I-D)  controller  structure  which  has  improved  mathe¬ 
matical  properties  over  the  standard  representation  and  is  easily  reconcil- 
able  with  classical  control  theory  methods. 


The  obiective  of  this  paper  is  to  show  the  applicability  and  utility  of 
the  P-l-D  controller  modified  optimal  control  model  [5)  in  describing  and 
predicting  human  gunner  response  in  tracking  tasks 

graphs  give  the  details  of  the  model  structure  formulation  for  the  .\AA  task. 
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estimate 

CONTROL 

OUTPUT 

OUTPUT 

Figure  3.  Modified  Optimal  Control  Model  for  the  Human  Operator 
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p-I-D  Controller  Formulation 

The  P-I-D  controller  formulation  assumes  that  the  human  operator  has  an 
internal  model  for  the  AAA  task  in  terms  of  the  tracking  error  and  its  higher 
derivatives.  However,  before  such  a  model  can  be  formulated  it  is  first 
necessary  to  have  reasonable  representations  of  the  internal  models  for  the 
target  trajectories  and  gunsight  dynamics  implicitly  assumed  by  the  human 
operator  The  following  development  assumes  decoupled  azimuth  and  elevation 
aLs  and  is  consistent  with  the  AMRL  experimental  design.  Extension  to 
coupled  multivariable  situations  should  be  feasible,  although,  with  increased 
difficulty  and  complexity. 

Infernal  model  for  target  trajectory.-  The  actual  target  trajectories 
in  azimuth  and  elevation  coordinates  are  characterized  by  deterministic  func¬ 
tions  of  time  that  are  not  finite  polynom-:  al  represent/’tions.  However,  a 
reasonable  Internal  model  for  the  target  motion  that  may  be  assumed  by  the 
human  gunner  is 


e^^^(t)  ”  w(t);  w(t)  =  Var[w{t)l 


(2) 


where  w(t)  is  colored  noise  with  variance  W(t)  representing  internal  model 
uncertainty.  For  k=2,  this  model  represents  a  constant  velocity  target 
assumption;  for  k=  3  a  constant  acceleration  assumption,  and  so  on.  A 
piecewise  constant  velocity  (k=  2)  internal  model  for  the  target  motion  is 
shown  to  be  adequate  for  this  application. 


Tnfprn.il  model  for  gunsight  dynamics.-  The  actual  sight  dynamics  as 
given  by  Eq.  (1)  have  a  zero  at  s=-l,  a  real  pole  at  s  -  0  and  a  pair  of 
Lmplex  poles  with  a  damping  coefficient  of  0.75  and  a  natural  frequency  of 
8  rad/s.  An  appropriate  internal  model  of  the  sight  dynamics  is 


or 


^ 

u  s 


0  =  u  +  u 

g 


(3) 


The  complex  poles  can  be  neglected  in  the  internal  model  in  view  of  their 
high  natural  frequency  (8  rad/s)  and  near  critical  damping  (i;=0.75). 

Internal  model  In  terms  of  tracking  error.-  The  tracking  error  is  given 
by 

e(t)  =  e.p(t)  -  0g(t) 
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^  =  "t  - 


=  W  -  U  -  u 


e  «  -u  +  w  where  u  *  u  +  u 


In  state  vector  form 


X  =  Fx  +  Gu  +  Fw 


y  =»  Hx 


where 


x^  =  [e  e] 


“0  1 

F  =  ;  G"  =  [0,  -1] 

0  0 


r"  -  [0  1]  ;  H  =  [1  0]  W 

represents  the  internal  model  used  by  the  human  operator  for  estimation  and 
control. 

Task  cost  functional.-  The  human  gunner  is  assumed  to  behave  as  an 
optimal  controller  with  respect  to  the  cost  functional 


J(u)  e\^  j  (e^  +  gu^)  dt| 


Optimal  controller  and  Kalman  filter.-  The  optimal  control  law  is  given 
by 

u(t)  =  u(t)  +  u(t)  ==  -X"x(t) 
where  x(t)  is  the  output  of  a  Kalman  filter 


X  =  (F-  GX"-KH)x  +  Ky^  =  F  x+Ky^ 


801 


i 

\ 


1 
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where 

y  =  Hx  +  V  *  e  +  V  ; 

•'p  y  y 

X  and  K  are  obtained  by  solving  the  appropriate  control  and  filter  Riccati 
equations  [6]. 

Human  gunner  transfer  function.-  For  stationary  assumptions,  Eqs.  (9)- 
(11)  give  the  transfer  function  for  the  gunner  model  as 


Vy(t)  =  var[Vy(t)l 


(11) 


u(s)  _  ^ 
y^Cs)  u 


(12) 


^  1 
s  (s  +  1) 


(-X'(sl- 


1 

s  (s  +  1) 


where 


■jj 


n 


(13) 


Y 


(14) 


The  block  diagram  for  the  stationary  closed-loop  manned  AAA  system  is  given 
in  Figure  4. 

The  overall  time-varying  closed-loop  manned  AAA  system  can  be  simulated 
digitally  by  solving  the  vector-matrix  differential  equation 

2  =  A^z  +  A2(9.p 


802 


GUNSIGHT  DYNAMICS 


Figure  4.  Stationary  Closed-Loop  Manned  AAA  System  Block  Diagram 
(Azimuth  and  Elevation) 


wnere 


•  [5^.  ^g. 


where  x  is  obtained  from  Eqs .  (10)  and  (11), 

X  +  G  x^ 
g  g  g 


corresponds  to  the  transfer  function 


64 


s*"  “b  12s  +  64 


and 


F  X  +  G  u 


corresponds  to  the  transfer  function 


Thus,  Eqs.  (16)  and  (17)  represent  the  equivalent  transfer  function  between 
9  and  u,  namely 


^lu  ^  s^  +  12s  +  64 


(18) 


The  matrices  and  in  Eq.  (15)  can  be  derived  by  appropriate  augmen¬ 

tation  of  Eqs.  (4),  (10),  (11) »  (16)  and  (17). 


The  human  gunner  model 


has  some  interesting  structural  properties. 


The  transfer  function  has  a  zero  and  four  poles  (two  real  poles  at  8*0  and 
-1  and  a  pair  of  complex  poles  with  a  damping  coefficient  of  0.707  and  a 
natural  frequency  of  O)  ) .  Note  that  the  invar-fant  pole  at  -1  exactly 


cancels  the  zero  in  the  gunsight  dynamics.  The  values  of  ^  and  u)^  depend 
only  upon  the  ratio  W/V  .  Since  the  noise  variances  W  and  V  are  in 

^  y  2  2^ 

general  time  dependent,  the  low  frequency  gain  2ip  /w^,  the  zero  and 

the  complex  pole  natural  frequency  are  not  expected  to  remain  constant 

throughout  the  course  of  the  tracking  engagement.  The  migration  of  these 
varying  parameters  as  well  as  their  operating  range  is  considered  in  greater 
detail  in  the  next  section.  The  most  important  property  in  this  transfer 
function  is  the  existence  of  a  pole  at  s  =  0  which  guarantees  zero  steady 
state  tracking  error  if  the  target  trajectory  maintains  constant  velocity. 

The  open-loop  man/gunsight  dynamics  have  a  type  2  structure  for  a  constant 
velocity  model  for  the  target  motion.  Similarly,  a  type  "k”  open-loop  man/ 
gunsight  transfer  function  is  obtained  for  a  constant  (k-l)th  derivative 
assumption  on  the  target  motion.  Such  a  model  structure  implies  integral 
feedback  compensation — hence,  the  name  proportional-integral-derivative 
(P-I-D)  controller.  The  P-I-D  controller  structure,  by  definition,  gives 
zero  steady  state  tracking  error  for  exact  model  assumptions  on  target 
dynamics.  However,  the  tracking  error  deviates  from  zero  whenever  the 
internal  target  model  assumptions  do  not  match  actual  data. 


While  the  transfer  function  representation  is  convenient  from  a  struc¬ 
tural  point  of  view,  Eq.  (15)  must  be  used  to  compute  the  (time-varying) 
mean,  covariance,  and  perhaps  a  sample  solution  for  the  augmented  state,  z. 
This  formulation  of  the  P-I-D  structure  was  used  in  a  computer  program  called 
HOGUM  (Human  ^erator  Gunner  Model)  to  match  input-output  human  gunner  track¬ 
ing  data  in  response  to  four  target  trajectories  for  both  azimuth  and  eleva¬ 
tion  axes.  Results  of  this  validation  process  are  discussed  next. 


804 


MODEL  VALIDATION  RESULTS 


The  key  parameters  of  the  P-I-D  modified  optimal  control  gunner  model 
are:  (1)  k  -  the  order  of  the  human  gunner's  internal  model  of  the  target 

morion  (2)  W(t)  -  the  variance  of  the  human  gunner's  uncertainty  in  the 
internal  model  for  the  target  motion,  (3)  V^Ct)  -  the  observation  noise 

variance  corresponding  to  the  displayed  tracking  errors,  and  (4)  g(t)  - 
the  control  weighting  in  the  human's  cost  functional.  The  values  of  these 
parameters  over  the  tracking  period  are  determined  using  HOGUM  in  an  itera¬ 
tive  fashion  until  model  predictions  of  the  ensemble  means  and  standard 
deviations  of  the  tracking  errors  match  actual  human  gunner  tracking  error 
ensemble  statistics  obtained  from  data.  The  resulting  functional  model  for 
the  parameters  that  consistently  describes  the  data  for  the  four  target 
trajectories  (azimuth  and  elevation)  is  as  follows: 

k  =  2 


T 

L  o 


Vy(t)  =  .000375  (10) 


dt 


1/2 


(19) 


g  <  10 


The  parameter  functional  model  is  extremely  simple  and  is  easily  reconcilable 
with  known  human  psychophysical  limitations  and  constraints.  Moreover,  the 
"tuning"  process  is  only  a  function  of  the  target  trajectory,  pis  mechani¬ 
zation  allows  for  predicting  tracking  performance  while  performing  a  sensi¬ 
tivity  analysis  on  various  target  trajectories  and  weapon  systems  parameters, 
ttodel  predictions  of  the  tracking  errors  and  control  inputs  in  azimup  pd 
elevation  coordinates  are  compared  with  data  in  Figures  5-8.  Both  the  tpek- 
ine  error  and  control  crank  predictions  using  HOGUM  compare  very  favorab^ 
with  actual  gunner  response  data.  (The  crank  predictions  mpeh  almpt  iden¬ 
tically.  Only  trajectories  2  and  3  in  elevation  show  any  discernible  devia- 

tion. ) 

Trajectory  3  (elevation)  indicates  a  sharp  spike  in  tracking  error  near 
28.5  seconds.  This  is  a  direct  result  of  a  sudden  slope  change  in  the  tra¬ 
jectory  caused  inadvertently  in  the  mechanization  of  the  AAA  simulation.  It 
is  interesting,  however,  that  HOGUM  predicts  the  same  type  of  dispntini^ty 
in  the  error.  This  is  because  the  actual  target  motion  is  directly  utilized 
as  input  to  HOGUM  instead  of  a  numerical  approximation  of  this  function. 
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Actual  Data _ 
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(b)  Crank  Position  (d)  Standard  Deviation  of  Error 

Figuie  5a.  Ti-ajeututy  1  -  Azimuth  (HOGUH  Predictions  ana  Data) 
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(b)  Crank  Position 
Figure  6a.  Ttajectory  2  Azimuth 
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(c)  Mean  Tracking  Error 
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(d)  Standard  Deviation  of  Error 
(riOGuM  Predictions  and  Data) 
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(a)  Target  Trajectory 


(c)  Hean  Tracking  Error 
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Traiprrorv  T  -  Azinnith  fHOOllM  Predictions  and  Data) 
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Figure  7b 


Trajectory  3  -  Elevation  (HOGUM  Predictions  and  Data) 
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Figure  8a.  Trajectory  4  -  Azimuth  (HOGUM  Predictions  and  Data) 


The  general  methodology  used  in  this  model  tuning  process  is  presented 

It  results  in  the  identification  of  a  function 
in  the  selection  of  HOGUM  parameters  for  the  four  different  target 

al  model  fo  analysis  here  is  limited  to  independent  or  un- 

couilerirLuth'  and  elevation  axes.  Extension  to  coupled  gunsight  dynamics 
should  follow,  although,  with  greater  complexity. 

Selection  of  k:  The  value  of  k  assigns  a  structure  to  the  internal 
a  1  of  rhe  tar^  motion  adopted  by  the  human  gunner.  For  example,  k=  2 
model  of  the  t  g  target  motion,  k»  3  a  constant  accelerat’on 

implies  a  c  Under  steady-state  conditions,  the  value  of  k  also 

deSrthe  "type"  of  the  gunner  transfer  function  model  given  by  Eq.  (12). 
defines  the  type  ^  g  ^  transfer  function  (i.e.,  one  pole  at 

A  value  niV  k=*3  gives  a  type  2  gunner  model,  and  in 

°  gi;,  \  -  «  duties  guna.r 

f  mL  A  h^n  o.etacot  In  n  closed-lonp  tracking  tank  Is  able  to  track 

a“on.ta;t  velocity  (within  reasonable  ll.lts)  target  “f  ■' 

sbc'*^  Goi't’ina  nnip^-  On  the  other  heriu^  it  is 

not'al^Js  Jossibirfor  Thuman  W  't^I^k  an  accelerating  target  with  zero  mean 
trLkS  It?"!  iLse  observations  indicate  a  value  of  k=  2  as  being  con¬ 
sistent  with  known  human  psychophysical  limitations  and,  therefore,  is  use 
as  the  standard  value  in  the  gunner  model. 

c  icrMnn  of  w(t)-  w(t)  reflects  the  uncertainty  in  the  human  gunner’s 
.ind  Sort  the  aLu-r^;  of  his  internal  model  for  the  assumed  target  motion. 
Tareet  traiectories  in  an  AiU  task  do  not  satisfy  the  constant  velocity 
SsS^SionSt  all  times.  Thus  W(t)  should  be  approximately  proportional  to 

{9„(t)}‘,  the  square  of  the  target  acceleration.  However,  it  seems  un- 

riiat  the  human  gunner  learns  a  time-varying  internal 
reasonaoie  to  ss^  ^^tl  uncertainty  W(t).  A  sensitivity  analy- 

«irr^"w(t)  using  the  HOGUM  program  indicates  that  a  (Constant  value  of 
W(t)  =  throughout  the  tracking  period  is  reasonable  in  describing  gunner 

response  data.  A  value  of 


W  = 


r.f 


9;(t)dt 


1/2 


W  as  above,  there 


is  chosen  (RMS  value  of  0^(t)). 

Selection  of  V  (t)  and  g(t);  Given  k=2  and  fixed 

. - ; - r'  '  wov^b^crarcs-with  which  to  tune  the  HOGUM  program  outputs— 

^Ct^^and  ^v'''(t).''^The  gunner  model  transfer  function  in  Eq.  (13)  indicates 

that  the  modL  parameters-namely  the  low  frequency  gain.  Jhe  ^ 
pair  of  complex  poles-depend  only  upon  g  and  (W/Vy) .  Note  that 

mathematically  proper  to  entertain  the  concept  of  transfer  functions  for 
Se-^^rying  systeL  h™-  2“^  considerable 
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insight  into  the  gunner  model  chai...  .  ^scics  using  quasi- stationary  or 
frozen-point  analysis  arguments,  ri.uie  9  shows  the  migration  of  the  low 
frequency  gain,  zero  and  the  natural  i  requency  of  the  complex  poles 

with  respect  to  g  and  the  ratio  As  previously  mentioned,  the  pair 

of  complex  poles  with  a  damping  cooliJ.-ieiit  of  0.707  and  a  natural  frequency 
ii)  could  be  considered  to  be  analogous  to  the  "so-called  neuromotor  time 

constant  [l/CT^jS+D]  referred  to  in  human  modeling  literature  [2].  A  value 

of  ti)  >10  rad/s  would  be  adequate  trom  the  neuromuscular  system  viewpoint. 

Figure  9  shows  that  is  quite  insensitive  to  variations  in  (W/V^)  and 


depends  primarily  on  the  value  of 

ij  >  10  rad/s.  Hence  g  =  0.0001 
n  — 


A  value  of  g  £  0-0001  results  in 
idopted  as  the  constant  control  term 


weighting  in  the  cost  functional  giveu  by  Eq.  (8). 


The  only  remaining  t^araiuc:  tci 


V  (t)  —  the  observation 


noise  covariance.  Tracking  error  hara  :a  Figures  5-8  reveals  some  interest¬ 
ing  characteristics.  The  muan  error  ...  nearly  zero  and  Che  standard  devia¬ 
tion  constant  for  segments  of  the  ta.iut  trajectories  which  agree  with  the 
human’s  internal  model  assumption  or  constant  velocity  motion.  This  is 
equivalent  to  constant  g,  W  and  V,.  However,  both  the  mean  and  Che 

standard  deviation  of  the  error  devL.i:.-  from  their  nominal  values  between 
target  trajectory  segments  satisfying  the  constant  velocity  assumptions. 

Data  in  Figures  5-3  show  Chat  both  thu  mean  and  the  standard  deviation  of  the 
. t.* ^  ^  mono  ton  i  iM  11 V  with  •  A.  similar  relation— 


L/ciuci  .1.1*  *  -.-e, - -  -  ...  1  1  •  -.1  " 

tracking  error  e(t)  relate  mono  ton  iiMliy  with  , 
ship  holds  with  respect  to  v  estate.  luu^ 


iiius  V  (t)  silould  vary 


monotonicaliy  with  j0,p(t) 


|.  '!he  : ;u;.  i: ioaal  model 


V  (t)  =  .000375  (10) 

y 


gives  the  best  fit  of  Che  model  preu. .  -ions  to  ensemble  data  as  seen  in  _ 
Figures  5-8.  The  functional  model  f.  r  takes  on  an  intuitive  meaning 

if  one  observes  that 


10  log  V^/t)  /=  V^^(t) 


is  proportional  to  which  i.ujlcates  that  the  observation  noise  in 

decibels  is  proportional  CO  \d^\.  The  changing  value  of  V^Ct)  in  conjun 

tion  with  the  actual  target  trajectory  (input  to  HOGUM)  deviating  from  con- 
stant  velocity  motion,  causes  error  ,A-dasients  in  both  the  mean  and  standar 

deviation. 


1  '  10  100  ibbo  5000 

W/Vy 

(c)  Natural  Frequency,  u) 

n 


Figure  9.  Characteristics  of  Human  Gunner  Model  Transfer  Function 

(Stationary  Assumptions) 


816 


X 


Table  1  indicates  the  range  of  y  values  (y  =  f)  to 

jt  - -I  Ttrrii  r-al  1  V  - 


u  C  fnnr  tral ectoties  for  both  azimuth  and  elevation.  Typically, 

fhe  s^Uer  “  occur  ucar  crossover  (uhes  6,(r)  obtains 

values).  Fro.  Figure  9.  it  is  F»-‘“thrafrr”crti™%rdTJ°aaf^^^^^ 

?'eru^s  :rtbrtSL^rrTu:rtr"r;p^rserti:g  tb.  bo.a„  .per,tor. 

1  aicicussed  above  is  not  claimed  to  be  unique.  How- 

ever  d“f  teSt.ct  reasonable  as.u.ptions  on  the  knoon  psychophysical 

rharlcteristics  of  the  human  operator. 


Table  1 


Range  of  y  Values 


trajectory 

AZIMUTH 

ELEV'ATION 

1 

250-50 

27-15 

2 

2700-175 

13-8 

■■  ■  3 

2100-350  1 

160-100 

4 

4000-200 

960-275 

CONCLUDING  REMARKS 


yn.  P-1-D,co„troller  „del^has^be.n^sho™^to  „cur,te^^^ 

rireciror^'perfo^nce  due  to  r 

get  motions.  Fountenneasure  tac  ^  ^  incorporated  into  this  model 

addition,  various  ®  computer  program,  HOGUM,  is  fast,  ettl- 

Sfnt°»d  rduS.  aS.  as  such,  can  be  effectively  used  to  determine  per¬ 
formance  sensitivity  to  various  system  parameters. 

U  is  to  be  noted  fh»^F•■-^'™'\‘™^o'S“^gh5y‘’ada^l»e°St^r“;f 
dated  using  four  target  ‘^„5rl  »dlfiLtloo  for  ex- 

S:m^““;u:ron;('o!“Mdi“o„al  /raiectones  uouid  be  reguir.d  to  vali- 

date  the  model  in  such  cases. 
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The  P-I-D  gunner  model  as  represented  by  HOGUM  can  be  used  to  describe 
human  gunner  performance  in  general  purpose  air  defense  evali^tion  progra^ 

H  1-he  AFATL  POOl  [!]•  Extensions  of  this  model  to  include  coupled  gun 

control  o„os  ooopllog  .od  took  l„tor£or.„ca  e££eots. 
and  on-cartiage  tracking  (using  some  lorn  o£  £lre  control  system)  1* 
mended  to  generalize  the  capability  of  HOGUM  for  evaluating  different  AAA 

weapon  systems. 
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Analysis  of  Controls  and  Displays  for  a 
Terminal  Controlled  Vehicle 

by 

William  H.  Levison  and  Sheldon  Baron 
Bolt  Beranek  and  Newman  Inc. 
Cambridge,  Massachusetts 


The  optimal-control  pilot/vehicle  model  was  applied  to 
the  analysis  of  a  Terminal  Controlled  Vehicle  in  approach  and 
landing.  Approach  tracking  errors  and  landing  statistics  were 
predicted  for  two  control  configurations  (attitude  control 
wheel  steering  and  velocity  control  wheel  steering)  and  for 
two  display  conditions  (with  and  without  electronic  presen¬ 
tation  of  a  perspective  runway) .  Steady-state  analysis  was 
performed  to  explore  performance-workload  tradeoffs  for  these 
control/display  combinations,  and  time-varying  analysis  was 
performed  to  obtain  approach  and  landing  statistics  in  the 
presence  of  zero-mean  turbulence.  The  results  of  this  analysis 
were  compared  with  experimental  data  obtained  in  fixed-base 
simulations  performed  at  NASA  Langley  Research  Center. 
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ABSTRACT 

This  paper  describes  work  currently  in  process  at  Rancho  Los 
Amigos  Hospital  on  further  clarification  of  the  quantitative  relationship 
between  the  electrical  activity  of  a  muscle  and  the  movement  it  produces. 
The  usefulness  of  such  a  relationship  is  obvious  for  rehabilitation 
purposes . 

This  research  is  based  on  the  use  of  intramuscular  wire  electrodes 
to  provide  specific  signals  from  each  muscle  at  a  given  joint.  The 
output  of  the  system  is  the  angular  position  of  the  moving  limb.  This 
input-output  relationship  is  represented  by  a  dynarnic  mathematical  model 
which  includes  the  length-tension  and  velocity-tension  relationships  of 
the  actuating  muscles  as  well  as  a  mechanical  model  of  the  knee  joint. 
Methods  for  quantifying  and  validating  the  model  are  described. 

Our  objective  is  to  build  a  model  which  is  valid  even  near  the 
limits  of  the  range  of  motion  when  various  conditions  of  external 
constraints  are  applied  and  when  different  modes  of  contraction  are 
considered . 


"''This  work  was  supported  in  part  by  the  Rehabilitation  Services 
Administration,  DHEW,  under  Grant  ^RD-23-P-55442. 

"Currently  at  Rancho  Los  Amigos  Hospital,  Downey,  California 
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INTRODUCTION 


Since  the  work  of  LIPPOLD  (1952) ,  (reference  ^9)  it  is  known  that 
the  EMC  -  tension  relationship  in  isometric  situations  is  linear  (although, 
some  disagreement  exists  concerning  the  precise  value  of  the  constant 
of  proportionality,  as  shown  by  LINDSTROMet  al. ,  1974)(reference  ^8), 
But,  problems  arise  when  the  same  relationship  has  to  be  described  in 
the  presence  of  movement.  Generally,  these  studies  are  performed  with 
constraints  of  constant  velocity  or  of  constant  loading  as  in  past  studies 
at  the  kinesiology  laboratory  at  Rancho  Los  Amigos  Hospital  (PERRY 
et  al. ,  1974) (reference  #11) •  Such  limitations  lessen  the  clinical  useful¬ 
ness  of  the  results  since  no  one  knows  exactly  how  to  handle  the  infor¬ 
mation  content  of  the  EMG  signal  produced  by  the  muscle  during  free 
motion. 

Among  the  large  number  of  muscle  models  which  have  been 
proposed  since  HILL's  classical  work  ( 1938)(reference  #6)  only  a  few 
attempts  have  been  made  to  build  mathematical  models  of  the  EMG- 
muscle  force  relationship  in  the  presence  of  movement. 

GOTTLIEB  and  AGARWAL  ( 197 1)  ,  (reference  #5)  published  a 
model  which  relates  EMG  and  force  for  the  anterior  tibialis  muscle 
during  isometric  effort.  Basically,  the  model  consists  of  series  and 
parallel  elastic  elements*  a  parallel  dissipative  element  and  an  active 
contractile  element.  The  contractile  element  was  represented  by  a  first 
order  filter  acting  on  the  raw  EMG  signal  picked  up  by  the  surface 
electrodes.  The  model  responses  match  measured  forces  very  well 
during  repeated  isometric  plantar  flexions.  A  similar  model  was  used 
to  simulate  the  EMG -force  relation  in  the  human  triceps  brachii  by 
COGGSHALL  ( 1968) ,  (reference  #4)  and  in  the  human  gastrocnemius  and 
soleus  muscles  by  AGARWAL  et  al. ,( 1971) ,  (reference  #1).  Apparently, 
these  models  have  not  yet  been  applied  successfully  to  non-iscmetric 
situations . 

An  alternative  approach  to  relating  EMG  and  force  has  been  based 
on  summing  the  electrical  activity  and  twitch  produced  by  single  motor 
units  using  an  appropriate  recruitment  h^^othesis.  OSTROY  et  al. ,  (1970) 
(reference  #10)  then  BRODY  et  al.,(1974)  (reference  #3)  synthesized 
such  a  model  from  an  isometric  study  of  the  cat  flexor  hallucis  longus 
muscle  and  of  the  human  biceps  brachii  respectively.  More  recently, 
WANI  and  GUHA  ( 1975)  ,  (reference  #14)  obtained  EMG-motion  character¬ 
istics  for  elbow  flexion  by  a  similar  approach.  As  far  as  we  know,  this 
is  the  only  dynamic  model  which  is  not  limited  to  isometric  cases. 
However,  models  based  on  motor-unit  recruitment  incorporate  so  many 
assumptions  that  their  validity  is  questionable. 

This  paper  deals  with  a  model  of  the  EMG- tension-position 
relationships  in  the  knee  joint  without  restriction  to  isometric  or 
isokinetic  movements.  Eccentric  and  concentric  contractions  are 
modeled  as  well.  The  validity  of  the  model  will  be  shown  by  a 


tridimensional  representation  of  the  length- velocity- tension  relation- 
ships.  The  performance  of  the  process  will  oe  described  i^th  ^  simple 
example.  Finally,  methods  for  quantifying  and  validating  the  model 
will  be  outlined. 

In  what  follows .  we  call  EMC  the  electrical  activity  of  the  rnuscle 
after  it  has  been  rectified  and  integrated.  The  raw  EMG  is  picked  up 
bv  dual  intramuscular  wire  electrodes  to  provide  specific  signals  from 
ekch  muscle  at  the  knee  joint.  The  recording  and  processing  techniques 
have  been  described  by  PERRY  et  al. ,  (1974Hreference  #11). 

MODEL  OF  THE  EMC- FORCE- POSITION  RELATIONSHIP 
IN  PRESENCE  OF  MOVEMENT 


The  fundamental  assumption  ot  this  ix.cdel  is  that  the  EMG  U 
proportional  to  the  neural  input  of  the  muscle.  In  °ther  worus,  the 
actual  representation  of  the  process  by  a  single  input  and  two  parallel 
outputs  can  be  described  using  a  series  representation  as  shown  in 

figure  1. 


Fieure  1  •  Neural  input-  EMG*  muscular  force  relationships 
(a)  actual  parallel  repr-  ?entation, (b)  assumed  model  using 
two  series  elements. 


The  EMG  signal  is  then  considered  as  an  input  of  the  process 
rather  than  ‘as  a  parallel  output.  Furthermore  U  is  assumed  that 
the  EMG-neural  input  relationship  is  static  and  time  invariant  so  that 
the  EMG  signal  is  representative  of  the  actual  muscle  input  whatever 
the  movement. 

In  isometric  contractions,  the  EMG-tension  relationship  is  linear. 
Taking  into  account  the  foregoing  hypotheses,  a  simple  ^MG- tension 
relationship  in  presence  of  movement  should  also  exist.  If  this  is  not 
so,  the  variables  which  do  not  appear  in  the  static  mode  must  be  more 
carefully  described.  It  is  then  necessary  to  concentrate  on  the  muscle 
dynamics  and  on  the  joint  dynamics. 
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Muscle  Model 

Let  us  consider  for  instance  the  input-output  model  of  GOTTLIEB 
and  AGARV;AL  { 19T  1)  (reference  51,  (figure  2al .  It  relates  the  raw  EMC 
to  the  isometric  tension  produced  by  the  muscle  for  a  fixed  muscle 
length.  If  changes  in  length  occur,  the  model  is  no  longer  valid  unless 
its  parameters  are  fitted  again.  The  proposed  model .  (figure  2b)  allows 


Fiizure  2  :  (al  GOTTLIEB  and  AGARWAL  ( 197  11  (referenced 5)  .lodel 
tbi  Static  model  for  the  muscle 


The  changes  in  the  muscle  length  L  are  automatically  accounted 
for,  using  the  length- tension  characteristic  as  a  filter  on  the  output  of 
and' ’’ideal  *  black  box.  This  black  box  would  be  sufficient  to  model  the 
muscle  if  its  force  output  were  not  dependent  on  length.  Actually,  the 
first  block  '.helds  an  ideal  force  FID  which  is  the  isometric  force  at 
rest  length  (Lp  1  whatever  the  muscle  state.  The  static  force  FSTAT 
is  the  filterea  ideal-force  which  represents  the  muscle  behavior  in 
isometric  mode  at  any  length.  Therefore,  FSTAT  is  equal  to  FID  • 
when  the  miuscle  is  at  rest  length. 

The  first  box  of  figure  2b  is  similar  to  GOTTLIEB’S  model.  A 
threshold- saturation  type  of  non-linearity,  followed  by  a  first  or  second 
order  filter  will  be  used. 

In  order  to  generalize  the  static  model  to  non-isometric  situations, 
the  muscle  velocitv  has  to  be  included.  The  tension- velocity  characteristic 
is  used  for  this  purpose  and  used  similarly  to  ♦•be  length- tension  filter: 
the  static  force  FSTAT  is  filtered  by  it  to  yield  the  actual  dynamic  force 
FDYN  produced  by  the  muscle  during  movement  (figure  31.  in  iscmetnc 
situations,  this  filter  behaves  as  a  gain  whose  value  is  one. 


It  might  be  identical  if  the  experimental  conditions  (type  of  electrode, 

electrode  location...)  and  the  signal  processing  techniques  used  were  the 
same  . 
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Figure  3;  Overall  muscle  model 

The  muscle  is  then  represented  by  the  overlapping  of  a  static  ^ 
,  Thfi  f  1  r f  one  cD.n  represent  isometric  contr3.c 

'iuTl"  =  °„c.  >he  d^n  m.cTorce  is  no,  observablo.  a  model  of 
*e  iSn,  >.  -oe'^rary  .n  order  ,o  relate  FDYN  ,o  the  limb  position  e. 


Model  of  the  Knee  Joint 

Let  us  consider  the  joint  shown  in  figure  4.  In  what  ^ 

i.  A  r#^«;tricted  to  the  knee  joint  and  ixie  c:ttensor  muoCie  group 

(qu\drrcl;s>  .  Fm-  sake^  of  simplicity,  it  will  be  assuxued  that  the 

fivf.  muscles  in  the  quaariceps  group  may  oe  represenied  o>  a  sangle 
live  n^scles  ^  oroperties  are  equivalent  to  the  whole  extensor 

muscle  -muo  dvnamics.  The  thigh  is  assumed  to  be  firmly  secured  in  a 
horizontal  position  and  at  right  angles  with  the  trunk. 
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The  meaning  of  the  parameters  and  variables  of  figure  4  is  as 

follows:  ,  .  j  ^  .. 

-  g  is  the  mass  acceleration  due  to  gravity. 

-  m  is  the  mass  of  leg.  .  . 

-  M  is  an  external  load  assumed  to  be  hung  at  the  center  of 

gravitv  G  of  the  lower  leg. 

-  I  is  the  distance  from  the  center  of  gravity  of  the  leg  to  the 
center  of  rotation  O  of  the  knee.  The  foot  is  assumed  to 
keep  a  constant  angle  with  respect  to  the  tibia.  Furthermore, 
it  is  assumed  that  the  changes  in  the  center  of  rotation  O  of 
the  knee  are  not  significant  with  respect  to  1. 

-  FDYN  is  the  dynamic  force  produced  by  the  quadriceps  and 
is  equal  to  the  output  of  the  muscle  model. 

-  FPASS  (H)  is  the  passive  force  developed  by  the  antagonist 
muscle  group  when  it  is  lengthened  beyond  its  rest 

length.  ,  ,  ,,  j  • 

-  FPASS(Q)  is  the  passive  force  developed  by  me  quadriceps 

under  the  same  conditions  as  FPASS  (Hi. 

The  directions  of  FDYN.  FPASS  (H)  &  FPASS  (Q)  are  assumed  to  be 
parallel  to  the  femur. 

Note  that  FPASS(Qi  corresponds  to  the  passive  force  of  the 
lenf’th- tension  diagram.  It  is  necessary  to  represent  it  in  this  part  o 
the’model  since  the  length- tension  filter  of  the  muscle  model  deals  only 
with  the  active  force  (figure  5): 


Figure  5:  Length- Tension  diagram 
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This  representation  of  the  length-tension  relationship  by  two 
separate  elements  may  be  justified  by  the  fact  that  the  passive  force  is 
a  mechanical  characteristic  of  the  muscle  group  which  does  not  produce 
any  electrical  activity.  Likewise.  FPASS(H)  which  is  the  passive  force 
developed  by  the  antagonist  group,  acts  upon  the  agonist  dynamics 
through  the  joint  and  is  not  related  to  the  electrical  activity  of  the 

quadriceps . 

The  dynamic  equation  of  motion  for  the  system  shown  in  figure  4 
is  given  by: 

JS=  TDYN  +  TPASS(Q)  -  TPASS  (H)  -  C*9  -  gl(M  +  mi  cos  9 


vviic  i  c  i  ..  .  .  i-  , «  1  1 

-  J  is  the  moment  of  inertia  of  tne  lower  leg. 

-  C  is  the  damping  coefficient  in  the  knee  joint  and  its 
surrounding  soft  tissue, 

.  G.  *9*  are  the  position,  velocity  and  acceleration  of 
the  leg  respectively. 

-  TDYN  is  the  torque  corresponding  to  FDYN. 

-  TPA.SS(H)  and  TPASS(Q^  are  the  torques  corresponding 
to  FPASS(Hi  and  FPASS(Q) .  They  include  stretching  of 
tendon  and  ligaments  and  are  significant  beyond  the  rest 

position  9  ,  ,  j 

The  complete  input- output  model  of  the  extensor  muscle  group  and 
knee  joint  is  now  described  by  the  block  diagram  of  figure  6. 
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In  this  diaaram:  . 

^  -  s  is  the  Laplace  transform  variable. 

-  L  and  L  are  the  muscle. length  and  velocity  respective  y, 
corresponding  to  6  and  0.  The  functions  g  and  g'  realize 
these  tLnsformations.  Since  the  L  -  0  relationship  is 
non  linear,  it  may  be  written: 


L  =  g  (9) 


yielding: 


L  ^0  =  g’  (0.6) 


a'  is  then  a  function  of  the  position  and  velocity  of  the 

Thf  joint  dynamics  box  transforms  FDYN  into  TDYN 
accounting  for  the  changes  in  the  center  of  rotation  of 
the  knee  which  imply  a  non  linear  variation  of  the 
moment  armOO^of  figure  4  with  respect  to  the  knee 

position  G, 


interpretation  of  the  muscle  model 


The  effects  of  the  L.T.  and  V.T.  filters  maybe  explained  by 

^  d'ttn^ionTT?^  SONN^NBUCKtl^SlTreYerencf  'and  BaS^ER 
aw)"  ,2r:.s.<i  .ms  .epr.sen.a.i«.  .o  ..»d,  the  ,«srco„„s«.o„s 

between  L.»T.  and  V.#  - 


Let  us  follow  what  happens  to  the  ideal  force  FID  when  the  muscle 
contraction  is  anisotonic  at  non- constant  velocity 

r  TTTn  ia  transformed  into  a  static  force  FSTAT  in  the  L.  1. 

?STAT  bmo„"s  to  a  surface  »h.ch  would  cou.alu  the  dyuam.c 
?  muscle  behavior  were  not  dependent  on  velocity.  If  this 

hvnoAesis  is  true  the  so-called  FDYN-IDEAL  would  be  the  anisotonic 
m^ae  force.  Actually,  the  dynamic  force  FDYN  belongs  to  a  surface 
which  is  elicited  from  the  previous  tneoretical  one  b>  the  V.T.  filter. 


Different  modes  of  contraction  may  be  described  with  this  repre¬ 
sentation  (as  shown  by  curves  b  and  c  in  figure  7)  as  well  as  the 
dependence  of  the  V.T.  relationship  on  the  initial  muscle  lengt  . 
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Fieure  7  Tridimensional  representation  of  the  L.T*  and  V.T 
effects  on  the  ideal  force  FID  during  concentric  contractions  . 

anisotonic  contraction  at  non-constant  velocity 
0,  anisotonic  -  isokinetic  contraction 
isotonic  -  isokinetic  contraction 
Situations  a,  b  and  c  are  sketched  in  the  FID  (t)  diagram 


contractions  • 

UneaHzcd  f.™  U  chosen  ror_^.he 

in  figure  3.  y  Ig  Icneth  within  the  range  [  LMIN  -  ^MAX  j. 

/l  Xllx  repiesent  the  minimum  and  maximum  lengths  the 

!;^;scuLr  group  can’^have  during  a  functional  movement . 


FMAX 


FSTAT 


(FID) 


lAv^ - - - ^ 

^  LMIN 

Structure  of  the  L.T.  filter 


, Actual  L.T* 

characteristic 


LMAX 


Figure  8:  Structure  ot  tne  i..  i  - 

,  of  activation  of  a  muscle  is  directly 

We  shall  assume  c*.  .  length:  when  a  muscle  is  fully 

related  toitacross  section  ra  .  i  and^he  whole  cross-section 

activated,  it  -l-elops  its  mamm^/o-”^ 

halved  atlly  length  and  the  slopes  of  the  lines  in  figure  8  are  halved. 
The  ideal  force  FID 

n.uscle  but  is  S  "to  c;  variation  on  the  FSTAT  (L=  Lq. 

?o1:;  ISm^mS'a^SuSrthrc'h^i  length  at  a  given  t,me.  is  .he 
ordinate  of  a  point  belonging  to  tne  straight  Une. 


-STAT  (L)  = 


f  T.  -  LMIN 
L-  -  LMIN 

1  T.  -  L.VIAX 

L  .  -  LMa\X 
L  0 


If  L  <  L. 


The  slope  of  the  line  is  U  ou’^erbT^'heloUd 

force.  When  FID  ts  the  slope  is  divided 

l;;r  (briLln'llne-si.  5e  L.T.  fU.er  process  is  illustrated  by  an  example 

in  figure  9. 


Fiaure  9  Effect  of  the  L.T.  filter  on  the  ideal  force  FID.  FID  ^t) 

(top  left)  is  arbitrary  for  free  movement.  The  muscle  length  L 
is  assxamed  to  be  time  varying  in  a  sinusoidal  manner  (bottom  left). 

The  contraction  of  the  quadriceps  is  concentric  when  L  decreases  and 
eccentric  when  L  increases.  The  antagonist  muscular  group  is  passive 
during  the  movement.  The  FSTAT  (L)  curve  (top  center)  is  elicited 
bv  construction  from  FID  (t)  and  L  (t)  as  shown  with  dots  •  and  O  . 
These  two  dots  belong  to  the  same  L.T.  characteristic  but  are  related 
to  different  muscle  lengths.  The  FSTAT  (t)  curve  (top  right)  represents 
the  L.T.  filter  output. 
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X 


i 
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The  representation  of  STARK  et  al.,  (1962l(rcterence  J131  has  been 
adopted  to  characterise  the  V.T.  filter.  It  is  a 

HTT  L's  curve  (1938^  which  has  been  generalized  by  KATZ  (1939) (retere 
?7)  f^>r  eccentric  contractions  (figure  10).  STARK  used  this  diagram  for 
simulation  of  the  agonist- antagonist  muscle  system  behavior  during 

hand  motion. 


FDYN  '(FSTAT) 
2  FMAX 


V  >  0  Velocity  of  shortening 

V  <  0  Velocity  of  lengthening 


p;qure  10.  L%.  filter  of  STARK  et  al.  (1962).  Vq  is  the  maximal  velocity 


of  shortening. 


As  mentioned  above,  the  muscle  force  depends  on  its  cross- 
section.  Furthermore,  its  mattimal  velocity  Vo  is  a  funetton  of  the  muscular 
ru  ^  l^nai-h  and  hence  is  a  constant  of  the  process.  Then,  as  for  the 
L^T  characteristic,  when  the  muscular  force  is  reduced,  the  slope  o 
the  relation  is  lessened  proportionally  (broken  Lines  ot  tigure  1  . 

The  static  force  FSTAT  appears  on  the  FDYKMV-O' axis  (figure  10). 
Each  value  of  FSTAT  corresponds,  then,  to  a  value  of  FDYN  resulting  in 
Sie  association  of  the  instantaneous  muscle  velocity  and  the  force  FST 
produced  at  the  same  time.  FDYN  can  oe  written  as; 


FDYN  (VI  = 


2 X FSTAT 

Ivl  -h  Vo/6 
Vo  /  6 


If  V  <-Vo/6 


X  FSTAT  If  - 


Vo 


<  V  <  0 


6  -  - 


Vo  -  V  X  FSTAT  If  V  >  0 

1  Vo 

The  V.T.  filter  works  as  the  L.T.  filter  does.  Its  effect  is  shown 
in  figure  11  with  the  same  example  used  in  figure  9. 
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risure  11  Effect  of  the  V.T.  filter  on  the  static  force  FSTAT.  The 
-ST^fTtr curve  (top  left)  is  the  L.T.  filter  output  of  figure  9.  Th^e  \(t) 
-urve  (bottom  left)  is  the  first  derivative  with  respect  to  time  of  the 
jrevious  L(t)  curve.  For  this  example,  concentric  contraction  occurs 

vhen  V<  0.  The  sign  of  V  must  then  be  J^°“f^PDYTiurve 

Drder  to  keep  the  same  V.T.  diagram  as  figure  10.  The  FDYN  curve 
'top  center)  is  elicited  by  construction  from  FSTAT  (t)  and  V  (t)  as 
sh(Ln  with  the  dots  •  and  O  .  These  two  dots  belong  to  the  same  V.T 
characteristic  :  the  first  is  related  to  a  velocity  of  shortening,  the 
secon^fs  related  to  a  velocity  of  lengthening.  The  FDYN(ti  curve 
(too  riehtl  represents  the  overall  muscle  model  output. 


X 
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DATA  ANALYSIS 


Quantification  and  validation  of  the  model  will  be  performed  in 
the  following  sequence  of  steps; 


b. 


d. 


First  the  basic  parameters  of  the  model  will  be  obtained 

by  experiments.  These  parameters  include  the  mass  of  the 

iJa  srgments.  the  damping  of  the  knee,  the  inertia  of  the 
lower  leg.  the  passive  tensions  ct  tne  agonist  and 
anTavonist  muscular  group,  the  maximum  isometric 
force  with  respect  to  limb  position,  etc. 

The  second  step  is  the  calculation  ot  the  ideal  force 
produced  by  the  muscle  from  the  knee  position  data,  by 
!"mu  ation.  While  in  figure  6,  the  force  appears  as  tne 
^nSIit  and  the  position  as  the  output,  the  recorded  knee 
po^sition  will  be  used  as  the  input  to  a  computer  simulation 
and  FID  will  be  calculated. 

Then  a  parameter  identification  procedure  wll  oe 
J^^rform^d  to  determine  the  parameters  of  the  relation¬ 
ship  between  the  integrated  EMC  and  the  ideal  force. 

It  iS  expected  that  a  non-linearity  wnich  includes  -br*^s- 
hold  and  saturation  and  a  first  or  second  order  model 
would  be  adequate  to  represent  the  process. 

Finallv.  the  aggregate  model  of  both 
will  be  verified.  For  a  given  integrated  EMC  ana 
taking  into  account  the  experimental  conditions .  .he 
model  must  give  the  same  knee  position  as  the 
ponding  recorded  actual  position. 


the  corres- 


CONC  FUSION 


The  model  of  the  EMC- force-position  relationships  we  propose 
includes: 

.  a  muscle  model  using  the  length- tension 
tension  relationships  as  basic  elements, 
filter  representation  makes  it  possible  to  relate 
to  force  during  isometric  contractions  as  well  as  g 

Lre  general  movements  without  constraints  on  velociU. 

-  l^moLrofThe^knee  joint  accounting  for  its  mechanical 

characterisUcs  (damping  chang^ 


for 


The  tridimensional  represe 
various  types  of  contraction. 


ntation  shows  the  validity  of  the  model 
The  velocity-tension  diagram  used 
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enables  concentric  and  eccentric  movements  to  be  modeled.  Submax- 
imal  forces  may  be  described  as  well,  aj  pointed  out  by  the  example. 

Therefore  .the  proposed  model  is  a  general  model  of  the  joint  and 
its  actuators,  relating  the  electrical  activity  of  the  muscles  to  the 
angular  displacement  of  the  moving  limb  and  providing  a  prediction  of 
internal  muscle  force. 
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INTRODUCTION 

At  the  present  time,  our  knowledge  of  the  physiology  of  peripheral^  recep¬ 
tors  the  reflex  arc  and  skeletal  muscle  has  progressed  to  the  point,  wnere 
r-asonable  models  of  each  of  these  individual  elements  is  now  described.^  It 
was  the  purpose  of  this  project  to  combine  these  elements  into  a  model  o.  th 
entire  skeletal  muscle  system.  The  system  model  was  then  tnorougUy  tested 
to  insure  its  accuracy.  Upon  verification,  the  model  provided  a  facilitv 
which  allowed  a  prediction  of  the  behavior  of  each  element  of  the  system, 
dur^na  ranid  and  reflex  movement,  to  be  made  and  compared  with  physiological 
observations.  Of  primary  interest  were  the  changes  in  system  specifically 
related  to  rythmic  oscillation  of  skeletal  muscle  referrea  to  as  clonus. 

mhe  abilitv  of  the  model  to  portray  rapid  a.nd  reflex  movement  was  of 
nr-inar^  imoortance,  as  the  mechanisms  of  these  movements  were  believed  to  ^e 
direct!'/  involved  in  the  tremorous  instabilities,  wnicn  w«re  or  in.^re^.  ... 
►his  studv.  Each  peripheral  receptor  was,  therefore,  thoroughly  ana .y zed  to 
dl-Lmln^Its  role  in  the  regulation  of  reflex  contraction.  The  compl^ity 
o^  the  model  was  minimized  by  assuming  a  simple  monosyna.ic  re^ex.  .. 
assumotion  allowed  us  to  omit  those  elements  which  are  primarily  involved  i 
control,  of  po.tur.  and  d.Uoarat.  ».v«»n=.  Thns,  th.  joint 
reoeotor,  the  renshaw  cell  and  secondary  spindle  endings  do  not  appear 
our  model.  The  elements  included  in  the  model  appear  in  Figure  1. 


FORMULATION  OF  THE  MODEL 


Selection  Criteria 

In  the  orocess  of  reviewing  publications,  to  select  information  necessary 
for  the  formulation  of  any  of  the  elements  of  this  model,  certain  selection 
criteria  must  be  established.  A  comparison  to  these  criteria  will  provid 
method  by  which  information  may  be  evaluated  a.nd  the  roost  feasible  represen 
SSn  ofthr^ndividual  elements  selected.  Primary  consideration,  of  course, 
shoild  be  give.;  to  the  accuracy  with  which  a  given  model  portrays  the  charac¬ 
teristics  of  the  system.  In  formulating  such  an  accurate  model  care  must  be 
taxen  not  to  lose  track  of  the  physiological  meaning  of  the  parameters  in  e 
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iTK3del.  That  is  to  say,  it  is  possible  to  very  accurately  fit  the  response 
curve  of  a  particular  organ  with  a  high  order  equation.  What  is  lost,  though, 
is  the  physiological  explanation  for  the  coefficients  of  that  equation.  This 
makes  implementation  of  changes,  representing  physiological  phenomenon,  very 
difficult.  Thus,  the  task  of  relating  the  behavior  of  such  a  model  to  that 
of  the  physiological  system  becomes  unduly  complicated. 

Another  desirable  trait  of  the  model  is  simplicity.  This  will  allow  for 
eff  jient  use  of  the  facilities  plus  greatly  enhance  the  ease  with  which  the 
model  can  be  operated.  It  was  also  deemed  to  be  more  representative,  if  when 
programmed,  each  model  would  have  a  single  input  and  single  output  as  this 
not  only  facilitated  response  studies  of  individual  organs  but  also  was  con¬ 
sidered  more  realistic.  Therefore,  the  criteria  or  choosing  a  particular 
model  were  finalized  as: 

1)  the  acc'orate  portrayal  of  the  characteristics  of  the  organ, 

2)  the  physiological  realizability  of  the  model, 

3)  the  minimum  of  complexity. 

Muscle  Fiber 


The  section  of  the  model  representing  muscle  tissue  was  the  first  sub¬ 
system  concentrated  on.  The  literature  presently  contains  a  very  large  num¬ 
ber  of  applicable  models.  The  complexity  of  these  models  vary  from  the 
simole  viscoelastic  representation  to  models  based  on  tne  nonlinear  Hill 
force  velocity  equation. 

The  final  representation,  shown  in  Figure  2,  was  chosen  to  be  a  contrac¬ 
tile  force  generator  in  parallel  with  the  passive  tissue  representation  used 
by  Houk  [4]  in  his  Golgi  Tendon  Organ  experiments. 

The  parallel  elements  and  represent  the  elasticity  of  the 

muscle  tissue  and  the  connective  tissue,  respectively.  Using  this  represen¬ 
tation  also  allows  the  Golgi  Tendon  Organ  to  be  positioned  in  such  a  way  that 
the  entire  tension  developed  by  the  contractile  force  generator  is  transmit¬ 
ted  through  the  tendon  organ.  Tension  developed  by  passive  loading,  however, 
is  distributed  between  the  tendon  organ  and  the  connective  tissue  which  will 
enhance  the  representation  of  the  Golgi  Tendon  Organ. 

The  parameters  suggested  by  Houk  for  this  model  were 

K,  =  K  +  K  =  346  g/mm 

1  cm 

=  420  g/mm 

K  =233  g/mm 
c 

K  =113  g/mm 
m 

B  =  13  g/mm/sec 

When  tested  the  parameters  proved  very  satisfactory. 
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The  step  response  of  the  fiber  with  an  appropriate  mass  attached  is  shown 
in  F’c’ire  3.  Increasing  the  damping  caused  increased  oscillation  involving 
the  icrterm',  the  elasticity  of  the  tendon,  as  it  effectively  stiffened  the 
contractile' unit.  Decreasing  the  damping  was  seen  to  increase  oscillation  re¬ 
lated  to  the  series  combination  of  the  springs  and  K2«  It  was  decided, 
therefore,  to  use  these  parameters  as  they  provided  what  appeared  to  be  an 
adequate  response. 

The  limb  dynamics  involved  in  motion  play  an  important  part  in  causing 
inertial  effects  in  the  muscle  response.  Without  these  inertial  effects  the 
overshoot  seen  in  the  figure  would  not  be  present.  Therefore  the  limb  dyna¬ 
mics  were  assumed  to  be  the  movement  of  a  mass,  M,  representing  the  mass  of 
the  limb  and  the  mass  of  the  muscle,  bimb  motion  was  assumed  to  be  directly 
proportiona]  to  the  muscle  length  for  the  magnitude  of  movements  to  be 
involved  in  the  study. 


The  transfer  function  for  the  irodel  can  then  be  derived  in  terms  of  the 
input  force.  If  we  let  G  represent  the  total  force,  that  is  the  accelera¬ 
tion  due  to  gravity  plus  the  disturbance,  then  the  displacement,  Ep,  is 

given  by 


c 


(s) 


M(K  +  K  +  K.  +  BS) 


K  +  K  +  K.  .  K  (K  + 

3  m  c  22.2_._m  c, 
MB  (s  t  - z -  s  +  —  s  +  K., - rr  ) 


B 


G(s) 


MB 


Golgi  Tendon  Organ 

The  Golgi  Tendon  Organ  is  the  source  of  inhibitory  signals  in  the  reflex 
arc  These  signals  serve  as  a  load  detector  and  overload  protection  mechansim 
in  the  muscle  control  system.  A  great  deal  of  work  ha=:  been  published  by 
j.  C.  Houk  [4,5,6]  and  his  associate  on  the  function  and  modelling  of  these 
organs.  The  tendon,  in  these  works,  is  modelled  with  a  linear  equation.  The 
nonlinearities  Vsiowr.  to  be  present  in  the  system  were  defined  as  adaptation 
and  threshold  functions  preceding  and  following  the  linear  dynamics,  respec¬ 
tively-  The  saturation  curve  precedes  the  linear  dynamics  so  as  not  to  de¬ 
crease  the  overshoot  in  response  to  rapid  movements.  Conversely,  the  thresh¬ 
old  was  seen  to  follow  the  linear  dynamics,  as  it  was  Houk's  convicti^*^  that 
this  phenomenon  was  the  product  of  conversion  of  receptor  potentials  to  Ib 
potentials. 

By  fitting  recorded  data  to  exponential  responses  Houk  originally  de¬ 
rived  a  second  order  transfer  function,  h(s). 

(s  +  .95)  (3  13.65) 

^  (s  +  1.8)  (s  +  25.0) 

Further  work  indicated  that  a  third  order  term  representing  the  low  fre- 
quencv  "mechanical  filtering"  of  the  muscle  tissue  was  needed.  However,  Houk 
stated  his  transfer  function  as  a  response  to  a  force  input  at  the  end  of  the 
tendon.  The  input  to  the  tendon  organ  in  the  proposed  model  has  bean  chosen 
to  be  Ihe  teusian,  TIN,  at  the  point  previously  indicated.  Figure  2,  Between 
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the  contractile  element  and  the  tendon.  In  calculating  the  tension  at  this 
point  from  displacement,  load  and  contractile  force  information,  the  lew  fre¬ 
quency  "mechanical"  filtering  required  by  Houk  has  already  taken  place.  Thus 
the  second  order  system  will  accurately  model  the  dynamics  of  system  in  ques- 
tion. 


The  nonlinearity  related  to  threshold  proved  to  have  a  very  sian if leant 
effect  when  studying  instabilities  in  the  motor  system.  The  inhibitory 
effects  of  the  tendon  signals,  which  exceeded  the  threshold,  were  responsible 
for  limiting  otherwise  growing  oscillations.  Increased  sensitivity  to  these 
signals  and/or  lowered  thresholds  could  also  be  seen  to  have  a  significant 
effect  on  the  damning  of  what  would  otherwise  be  sustained  oscillation.  The 
adaptation  function,  however,  did  not  appear  to  have  extraordinary  effects  _ 
on  the  system.  The  movements  being  studied  were  caused  by  forces  of  a  magni¬ 
tude  such  that  they  fell  below  levels  which  would  be  thought  to  cause  signi¬ 
ficant  adaptation.  Leaving  this  term  out  would  also  help  compensate  for  the 
different  response  to  active  force  by  not  saturating  during  the  high  tension 
conditions  which  those  forces  cause. 

Another  control  must  be  considered  before  accepting  this  inodel  ror  the 
system.  The  dearee  to  which  the  a  motor  neuron  responds  to  the  inhibitory 
«=ianals,  oropagated  along  the  Ib  neuron,  is  in  some  way  controlled  by  the 
central  n-rvous  system.  A  suggestion  for  this  is  that  the  nervous  system 
controls  the  excitability  of  the  interstitial  neurons  forming  the  polysynap¬ 
tic  connection  between  the  Ib  and  the  a  motor  neuron.  This  can  be  represen¬ 
ted  as  gain,  ranging  from  0  to  1,  which  is  controlled  by  a  central  nervous 
system  input.  The  final  form  of  the  model  is  described  in  Figure  4,  where 
h(s)  is  the  second  order  representation  stated  above. 

Muscle  Spindle 

The  muscle  spi.ndle  provides  excitatory  feedback  to  the  contractile  force 
generator.  These  signals  are  essential  in  the  proprioceptive  net-work,  neces¬ 
sary  for  rapid  movement  a.nd  reflex  activity.  The  secondary  endings  located 
in  the  nuclear  chain  fibers  of  the  spindle  are  slow  responding  a.nd  more  adap¬ 
ted  to  postural  control.  Therefore,  only  a  model  of  the  rapidly  responding 
nuclear  bag  fiber  of  the  spindle  -was  deemed  necessary  for  this  model. 

The  -works  of  Rudjord  [10]  and  of  Andrews  [1,2]  both  strongly  suggest  that 
a  second  order  model  would  be  accurate  for  this  case.  A  number  of  second  or¬ 
der  Bode  plots  were  given  to  demonstrate  how  -well  these  models  would  fit  the 
actual  data. 

Th0  BodG  plots  suggest  a  pole  near  100  which  caused  the  decrease  in  phase 
and  the  leveling  off  of  the  gain  as  it  approached  that  frequency.  A  zero,  21, 
is  seen  to  be  in  the  neighborhood  of  1  hz.  The  second  pole  was  chosen  to  be 
around  200  hz.  so  as  to  represent  the  great  attenuation  in  response  which  is 
seen  at  frequencies  near  500-1000  hz.  The  second  zero,  zj,  was  chosen  so  as 
to  cancel  the  phase  lag  effects  the  pole  at  200  has  on  high  frequency  res¬ 
ponse.  The  value  was  also  chosen  high  enough  so  as  to  eliminate  any  effects 
it  would  have  on  the  low  frequency  response.  Thus  Z2  was  set  to  600.  The 
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asymptotic  approximation  of  the  Bode  plot  is  shown  in  Figure  5.  The  transfer 
function  is  then; 

(s  +  z^)  (s  +  z^) 
h(s)  =  (s  +  100) (s  +  200) 

where  zt  has  been  chosen  to  have  a  value  of  600.  The  choice  of  an  exact  value 
for  2i*"requires  that  consideration  be  given  to  the  effects  of  y  innervation  on 
the  low  frequency  response  of  the  system.  If  the  elastic  stiffness  in  the  bag 
fiber  were  to  increase  with  innervation,  the  position  of  2]_  would  change,  mov¬ 
ing  farther  into  the  left  half  plane.  Green  [11]  has  suggested  neural  control 
Qf  Stiffness  and  damping  was  responsible  for  control  of  the  contractile  ele¬ 
ment  of  muscle  so  why  not  the  same  effect  for  the  control  of  the  contractile 
sections  of  the  spindle  fibers.  Rudjord,  however,  had  indicated  doubt  that 
this  change  in  stiffness  was  an  accurate  portrayal  of  the  effects  of  innerva¬ 
tion  on  the  spindle  and  suggested  the  effects  were  similar  to  those  of  a  force 
generator  in  parallel  with  elements  of  fixed  value.  The  idea  of  a  force  gen¬ 
erator  seemed  a  more  logical  representation  of  gamma  control  of  muscle  length. 
However,  it  did  not  seem  sufficient  to  explain  the  ease  with  which  the  system 
could  be  driven  unstable  under  conditions  of  high  y  innervation.  An  examina¬ 
tion  of  a  typical  plot  of  extension  versus  tension  for  muscle  fiber  shows  a 
significant  increase  in  stiffness  as  tension  increases.  Thus,  even  if  y  does 
not  directly  control  the  stiffness  of  the  fiber,  increased  activation  of  the 
contractile  force  generator  will  increase  tension  in  the  fiber  thereby  in— 

C-. easing  the  stiffness. 

It  was  decided,  therefore,  to  make  the  position  of  zi  a  function  of  y 
while  also  including  a  y  controlled  force  generator.  The  force  generator 
was  to  be  represented  in  a  manner  similar  to  Dijkstra  s  [3] .  That  is,  the 
stretch  sensed  by  the  spindle  is  measured  wich  respect  to  some  reference 

Ipnath  Po  .  The  force  generator  is,  therefore,  a  control  of  that 

^  »  "'^reference 

reference  length  and  can  be  represented  merely  as  a  level  to  be  added  or  sub- 
tractad  from  the  actual  displacement.  The  input  to  the  system,  Epj_n,  becomes 
then: 

^^in  ~  Ep  Ep  j-ef  erence 

with  the  transfer  function  of  the  spindle  being: 

(s  +  z^  (y)  )  (s  +  600) 

TFTTooTTTTTool 

similar  to  the  I,  activity,  the  signals  transmitted  along  the  neuron  do  not 
have  a  constant  effect  on  the  a  motor  neuron.  Even  in  the  case  of  a  monosyn¬ 
aptic  connection  with  the  a  motor  neuron,  sensitivity  to  excitation  is  con¬ 
trolled  by  the  central  nervous  system.  The  physiological  explanation  for  this 
is  that  inhibitory  signals  from  the  central  nervous  system  can  reduce  the  sen¬ 
sitivity  of  the  anterior  horn  cell  to  la  inputs.  To  account  for  this  a  sen¬ 
sitivity  term,  having  a  value  between  0  and  1,  is  multiplied  by  the  la  at  its 
input  to  the  contractile  force  generator.  The  only  other  addition  to  the 
model  is  a  diode  in  the  feedback  path  which  limits  the  excitation  to  the  di- 
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r action  of  contraction  only. 
rnnr.ractile  Generator 

^■»r,orated  bv  muscle  fibers  are  known  to  be  func- 
The  contractile  forces  g  central  nervous  system  activity.  Effects 

tions  of  spindle,  tendon  linkage  with  antagonist  muscles  were  neglected 

fuftr^Sr  Tbi'ence  fro^the  model.  The  contractile  force  was  then  defined 

as  fc  where: 

f  =  k(CNS  +  kj^I^  - 

The  gain.  K.  represents  sen- 

ho»'c,n  ««ro«s  discussed 

in  t.he  spindle  and  tendon  organ  models. 

of  the  Ik,  modeled  by  subtracting  it  from  the  sum- 
The  inhibitory  extreme  case,  cause  a  sign  change  in 

mation  of  this'would  be  analogous  to  the  muscle  pushing  ^ 

the  contractile  tor^  .  ciHiiltv  a  diode  was  used  to  rectify  the  gen-* 

e^a4d'^on«Si?Srce  thurLsuring  that  it  always  maintains  a  positive 
value. 

Tniriial  Analysis 

The  ahove  eleoents  «re  assembled  i»  the  proter  ordeh.  A  root  locus 
analysis  was  carried  out  under  two  conditions. 


1) 

2) 


-He  -o'g:  Tendon  Organ  sensitivity  set  to  zero,  and 
the  ^igi  Tendon  Organ  inputs  predominant. 


bv  the  model  were  very  closely  related  to 
The  characteristics  pred  g^eletal  muscle  system.  That  is: 

those  which  -Wd  be  expected  of  a  skeletal  m 

The  open  loop  response  shows  less  than  critical  damping, 
r-1  for  physical  parameters  of  the  system. 

Tee^back  tL  the  fpindle.  at  moderate  levels,  increases 

damping  in  ndiroutput  can  cause  oscillation. 

rgririranrrha^eHn^-  ^Sition  ^f  the  ga^  controlled 
...  will  induce  oscillation. 

zero,  zi(Y),  will  in  limiting  factor  in 

»d  .«cchs  chu  ,».ihiu«v  co 

I  needed. to  sustain  oscillation. 


1) 

2) 

3) 

4) 

5) 


Verification  of  bhe  Model 

,  •  *-H«  «v=:tem  showed  the  model  to  be  very  promising. 

The  initial  analysis  of  ^  y  computer.  Before  attempting  to 

:sf:s;rh:r.h!-rhL-  r.  ch.  „d.h. 
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To  check  the  reflex  loop,  steps  in  stretch  were  applied  under  open  loop, 
normal  and  high  tendon  organ  activity  situations.  A  step  res^nse  run  dicing 
high  tension  conditions  was  run  to  check  the  function  of  the  diodes  in  the 
feedback  paths. 

Satisfied  that  the  reflex  loop  was  operating  properly,  simulations  of 
activated  movements  were  made  to  insure  that  the  model  adhered  to  currently 
accepted  theory  of  a,Y  and  a~y  linked  innervation  of  movement.  The  model 
performed  very  well  in  these  tests  adding  support  to  the  assumption  that 
kindle  innervation  includes  a  control  of  a  y  dependent  zero  in  the  bag  fiber. 

The  satisfactory  completion  of  these  tests  indicated  that  the  model  was 
very  representative  of  a  skeletal  muscle  control  system.  A  study  of  clonus 
using  this  model,  therefore,  could  be  expected  to  produce  accurate  results. 


CLONUS 


Explanation  and  Analysis 

Moun-castle  19]  defines  clonus  as  "the  tendency  to  oscillate  at  approxi- 
matelv  8  to  12  hz. ,  a  behavior  that  is  believed  to  be  caused  by  excessive 
feedback  from  spindle  receptors".  Generating  a  10  hz  sinusoid,  however,  is 
not  the  major  point  behind  the  model.  The  model  should  not  only  display  the 
sinusoidal  movement  but  also  the  proper  phase  relationship  between  the  exci¬ 
tatory  signals  and  movement.  To  determine  what-,  the  relationship  should  be 
data,  receded  by  lannone.  Angle  et.  al.  18],  on  ankle  clonus  was  ™ned 
A  plate  taken  from  lannone’ s  notes  is  shown  in  Figure  6.  In  the  photograph 
down  is  the  direction  of  stretch  with  the  spindle  output  being  the  upper 

EMG  activity  the  center  and  displacement  the  lower  trace.  It  can 
be  seen'in  the  recording  that  spindle  activity  begins  increasing  significant¬ 
ly  with  movement  in  the  direction  of  stretch.  The  EMG  activity  is  seen  to 
reach  its  maximum  approximately  20  msec  before  the  muscle  reaches  maximum 
stretch  The  frecuency  of  the  oscillation,  being  approximately  10  hz.,  means 
the  excitatory  sicnal  leads  the  displacement  by  approximately  72».  In  his 
notes  lannone  mentions  the  results  of  recording  the  afferent  activity  of 
Golgi  Tendon  Organs.  It  is  his  finding  that  the  activity  of  the  Golgi  Ten¬ 
don  Organ  occurs  just  after  the  EMG  has  ended.  It  is  his  contention  ^at  the 
ourpose  of  the  Golgi  Tendon  Organ  during  clonus  is  more  one  of  inhibiting 
LciLtion  during  the  returning  phase  of  the  oscillation  than  one  of  ending 
the  excitation  itself. 

The  implications  of  this  statement  about  the  function  of  the  Golgi  Tendon 
Organ  are  that  the  Iw  response  should  be  almost  in  phase  with  the  displacement 
itself.  If  one  assumes  the  spindle  output  to  be  primarily  proportional  to  the 
rate  of  stretch,  the  time  delay  involved  in  the  100  m/sec.  propagation  rate  of 
the  la  fiber  will  shift  the  phase  of  the  excitatory  signal  to  a  neighborhood 
of  72“  of  lead,  quite  easily.  Likewise,  the  small  velocity  component  of  the 
tendon  organ  transfer  function  can  cause  the  tendon  output  to  lead  the  dis¬ 
placement  by  only  a  small  amount.  The  time  delay  involved  in  propagating 
these  signals  along  the  Ib  fiber,  whose  propagation  rate  is  similar  to  that 
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^  i-h«  T  -ould  then  easily  compensate  for  this,  putting  the  inhibitory 

in  Chase  with  the  displacement.  Another  comment  made  by  lannone  was 
Sftlarie  ^enSon  Organ'events  took  place  occasionally  during  clonus, 

that  larg  g  that  clonus  generates  tensions  which  only  occa- 

TMs  would  ,=»  “  to  ,„orat,  offuctive  inhibltoty  si,- 

sionally  exceed  t  ^hg  I  threshold  of  the  model  can  be  set 

Ttl  level^^l^ab^ve  that’ which  ^uld  inhibit  small  magnitude  oscillations 
and  still  be  representative  of  the  actual  circumstances. 

This  assumption,  about  the  threshold  of  the  Ifa,  was  tested  on  the  model 
a"  r'onfiition  with  very  large  position  sensitivity  in  the  feed 
by  .  condition  will,  unless  inhibited,  cause  an  oscillation 

wJichTui  grow  in  magnitude  continuously  until  reaching  the  limits  of  the 
With  the  Golgi  Tendon  Organ  threshold  set  at  a  specific  level 
^roscillations  were  notL  to  grow  until  the  tension  required  to  excite  them 
Sceeded  Se  tendon  organ  threshold.  The  magnitude  of  the  oscillation  ceased 
to  arow  at  this  point  with  the  Ib  activity  taking  place  at  peak  tension  and 
^  ‘^imilarlv  the  level  of  such  an  oscillation  could 

inhibiting  .^esLld.  For  marginally  stable  sys- 

T  th!  ex-itatory  signals  lere  seen  to  produce  subthreshold  tensions  only 
large  enouah^to  sus'tain  the  oscillation.  Uswering  the  lb 

a  cale  wL'seen  to  damp  out  these  oscillations.  Since  Mountcastle  had  com- 
a  case  maanitude  of  clonic  oscillation  and  a  marginally  stable 

mented  on  “5%""^i\"^'^"^rgest  ancunt  of  phase  lead  in  the  excitatory  signal, 
i-^was  iuLifiable  to  set  the  Ib  thres-old  high  enough  that  inhibitory  signals 
not  effect  the  oscillation  of  the  system  under  marginally  stable  condi- 
Sons  in  dLng  this  it  is  felt  that  the  model  of  clonus  would  be  able  to 
gir;he  Lximum  phase  lead  E«ssible  and  still  represent  the  tendon  organ 
effects  seen  by  lannone. 

^todel  Results 

The  Phase  relationship,  established  above,  was  readily  duplicated  by  the 
T^e  Phenomenon  of  clonus  was  initiated  by  allowing  the  system  to  reach 
I'  Serad^usting  the  position  of  the  tero  for  marginal  stability. 

AftL‘’'the  cero  had  been  adjusted  a  disturbance  was  added  to  the  load  to  ini- 

tiate  a  movement. 

Fioures  7  and  8  display  the  phase  relationships  produced  by  the 

was  seen  to  lead  the  displacement  by  19  to  20  msec.,  that 
o^  lead.  The  Golgi  Tendon  Organ  activity  leads  displacement  by 

f  I  ^han  01  seconds.  This  timing  of  the  tendon  organ  activity  reinforces 
less  than  .01  sec  primarily  responsible  for  suppression 

”  S  ti„e,  LciP.to,.  ««  already 

itv  d^avinq  when  the  tendon  organ  activity  is  building,  the  role  of  ten- 
S^organ  in^ terminating  these  excitations  is  not  shown  to  be  significant. 

Conclusions 

The  proposed  model  has  been  tested  with  respect  to  step  response,  a,  y 
and  actiyatione.  results  being  outputs  which  can  be  erplarned 
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...ent  ..ecv  ana  co.pa.e  -j-  - 

cLe,  the  changes  n.de  in  the^n^^el  xn^order  .^3,,,. 

to  be  analogous  to  excess^Y  activity  represented  in  two 

Those  changes  being  primar  y  analogous  to  reference  length  changes 

This  activity  causes  ^ncrea  spindle.  Due  to  this  change  in  tension, 

in  the  contractile  regions  J  take  place,  which  when  represented 

fnThriLrgririn^^^^^  S:  fiiU  -  .o^ael  to  .rtray  clonus. 

Comments 

To  understand  motor  t^t  knowledge  of  the 

standing  of  each  of  the  J-Z^Z/trepe  is  Tnee^  to  integrate  this  knowl- 

individual  elements  is  extensive  allowing  a  study  of  the  inter¬ 
edge  into  nodel  of  the  J^^^nip^i'coL^nds  from  the  feedback 

action  of  these  elements  in  genera  g  presented  here  has  accom- 

a  nrrsLrr-is^^irecS::  fnd  can  no^  be  extended  to  include  the 
SigLr  level  influences  of  the  central  nervous  system. 
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Abstroct 

A  mcy'rt  -  -  ilot  control  ctrforn-.oncc  is  developed  to 
^  -t-o  effects  of  tnoticn  cues  one  extcrnol  visuel 

WMO  cU.  'ihe -rerrino  point  for  the  codel  is  the  opn- 
(vr.iv_)  cu^u.  oocretor,  which  has  been 

,,ol  control  noaci  oi  ,^e.g. / instrument  cues) 

well  volidceo  motior,  cues 

Sltuotions.  .  «f,oll'ea-tate  vector  with  the  dynamic 

'7'“ir;:Ah^^rc°:ibuicrse^^ 

descr.o  i-  Comccrison  of  the  model  predictions 

co^I  ana  '  on-only  trocking  indicates 

with  expcf.  vestibulor  mcosuronents 

, hot  the  '•‘’  T  ^8  dB.  This  nev,  model 

con  be  mocc  od  o  0^0  ^ ^  <;;d  „„  oxcellert 

ToT8o^--;A  'h^conncl  Purtormonce  with  ond  without 
,ob  of  oe.c.  '  .  o-^o!vtc  end  relative  bans.  The 

motion  v/MC  visual  cues  was  accounted 

difference  x-cftt-  ■  cuadretic  p^nolty  on  roll 

scanning  i.-^r:v.nr  C'...c..  » 

I .  Introduction 

f  I  ♦♦omr,*'  t-avc  been  node  to  model  the 

Mony  successful  ottempt.^^.ovc  ^ 

opprooc  ou  ^  ^^rived  from  instrument  Oisploys.  The 

iissmUis 

mental  con^  Po^nrence  6  compored  the 

,:.uol  ond  .ot,on  V ond 

pilot  pet.o..  once  ,  |  „,otlon  cues  ond  liooor  ond 

„„v,ng-bcse  „|,  control  date  tohen 

S5Sai5:'aiiyiS-”tSr, 

VMC. 

Twoottempts  ot  combining  '•'««  ^^rcnceV 


,ion  informotion,  whereos  ii.e  ecuoUcotion  end  improvement 
in  treebing  ability  cemes  p.imorily  througn  the 
conol  conulbution.  Rel.-renco  4  used 

5  to  nrovidp  some  interesting  .coos  cor.cern.oy  tl.  .. .  on  g 
of  perceived  voriobles  rcri-er  then  ccsoiute  vcncuies. 

The  obiective  in  tl.is  effort  is  to  provide  o  model  whieh 
describes  ti-.e  ImpertonI  oT-CCts  ot  motion  a  d 
with  the  eventual  intent  of  i';,";:,;  T.l.'os 

monts.  Srecincolly,  the  goals  ore  to  show 
in  control  cerformcnco  Uelwnen  mwir,g--osc  o.  . 

conditions  os  well  os  IMC  end  VMC  coneit.ons  ire 
ooprooch  hos  been  to  modify  the  opnmol 
the  humcn  operotor  from  thoie  conditions  ■n  '•  ‘  « 

dr'eody  been  volldoted  (1.0. ,  fixed-bose  IMC  c.es  .  to 
^h  rend,  .no  model  wos  lirst  cpplleo  to  .no  rob  •ro-..  ng 
doto  of  neterence  5  to  determine  those  «mpon.sr,.s__.n 

"“"'^tl'Vdrtrd'tV^thfN^dL  hlvW 

Ref^nce  6.  The  effocls 

Then  «rrod“wifh  b’o^VMC  ond  motion' cues'  in  other  doto 
rorortcH  i'’  Reference  7  - 


11,  A/.ndf«(ina  Motion  Cues 

&;!rsSESl3^ 

elcrr.enl.  The  disolovca  information,  y<.t  ,  Pf';®;  °7 

the  threshold  element  (elth-r  o  psycnoonysicol  ;ote.no  d  - 
on  indifference  throshol.l).  Perceptuol  “servo. .-n  - 

V  (t),  is  coded  to  this  quontity,  which  .hen  pu-.-S  J 

,h4  ,;«cep.uol  time  delay,  The  perce^ed  so  rr,s 

V  (tl  -re  the  inputs  to  the  core  of  tne  model,  v.hic  .on 

of  c  bolmon  filter  ond  predictor  .0  compensate  o  he 

Usenrotion  noise  ond  time  dcloy.  ^^73" 

motn,  ;,  is  combined  llneorly  to  provide  a  commenceo 
control  signal,  to  which  is  cxided  motor  noise,  vy,  w..h  the 
result  passing  through  o  nouromosculor/man.pulotcv  rs 
oTder  Ing  The  covlirlonce  of  eoch  oburrvc.lon  no._se  ee- 

pends  on  sevetol  impor.on.  poromelers  end  hos  the  tom 


p.  r  °  • 

V .  =  !i  — — 
y  f.  [N(,^-.r«i)J 


(1) 


where  in  the  obovc  expression  V^.  is  the  covorionee  of  the 


.Reseorchsp^irored  by  USAF  Flight  Oynomics  toboeo.ery,  under  Conrroct  No.  F33615-75-C-3069. 

Paper  also  presented  at  the  AIAA  Visual  Motion  and  Simulation  Conference. 
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white  obiervetjoe  nolie;  f;  ii  the  frootlon  of  attention 

»  A  dI?olav:  Is  standard  devtaftoo  of  ^ 

itfi  dtployed  quortity;  N^i  the  detcribimj  f«  *• 

^one  element  of  width  2a;;  ono  the  mulnoheo- 
tive  noise/iignal  rotio  which  hoi  been  found  to  describe 
huln  ;irfo™once  under  fuM-o«ention.  f,,«-n<«,  v.««l 
IMC  trockJnq.  It  hos  been  lOund  tnct  'Y*  . 

-20  dB  (of  .01  "  )  provides  o  good  description  of  tbc  ob 

served  results. 

One  element  of  the  model  ^hich  is  not  shown  in  the 
block  diagrom  is  the  quodrctic  funct.onol 
mized  by  the  choice  of  the  control  gorns,  L.  In  .ts  most 
general  form  this  is 


d  =  E|j 

^  O 


(y'QyY' 


jG'u  ♦•u’Q. 'j;ct 


(2) 


where  Q  ,  Qv/  Qu»  weightings  on  the  dis- 

ploys.  stSte,  Control  rote,  and  control,  respec^vely.  in 
practice,  it  hos  usually  bcerj  suftic.ent  to 
ploy  deviations  from  non, Inal  ond  'Snote , 
store  X  and  control  displocemert ,  u.  ihe  weign  s 
trol  rote  ore  chosen  to  provide  o  neuromusculcr  .--e 
constant  Cm  in  figure  I)  coniistent  „tn  the  mon.culctor, 
with  o  volue  of  Tn  =  •'  being  typicol. 

In  splte  of  it,  seeming  conoiexiry,  *7= 
porometers  in  the  mcdel:  for  fixeo-ccte  IMC  centTol  tosks, 
these  perometers  ere  the  display  wetgnrs  and  aiscloy 
thresholds.  A  good  prediction  of  control 
these  conditions  con  be  obtemed  Pe  weight, ..g  the  csolcy 
deviotlons  inversely  proportional  ro  _ 

mcxir.um  values,  end  choosing  thre^roids  consis, ent  with  on 
indifference  volue,  i.e.,  o  value  c  odot  .s  l.Kely  to  occepf 
without  taking  corrective  action. 


rrtts  model  predictions  with  the  experimentol  dota  'or  noise 
to  signal  rotios.  For  oil  of  th«  doto,  the  mottj  r».se  was 
set  ot  the  recommended  noise/signcl  rotio  of  -23  c3.  At 
the  present  time  the  only  explonotioo  . 

deviant  behovior  of  the  control  plcr.ts  k/s  ond  x/ts-^  ’►10)  is 
the  intcfoction  of  the  motion  with  the  mcmpulofor,  which 
might  be  accounted  for  by  decreasing  the  motor  iwise  tor 
k/f  and  increoslng  it  for  k/{s2  -  10).  Bosed  on  these  com- 
pcfisons,  however,  o  representotive  noise  to  signal  rot .o  fej 
vcstibulor  meosure-^ents  appears  to  be  opproximrdely  -18  dB, 
compared  to  the  -20  dB  typically  used  for  visuoi  inputs. 

To  test  the  model  with  these  motion  cues  Incorporoted,  It 
was  used  to  predict  the  performonce  in  a  VTOL  hovering 
tosk.  This  hovering  task  wos  run  u-nder  three  motiot^ondi- 
tiom:  Hxed  base;  cngulor  cues  ooiy;  ond  angular  end 
lineof  cues.  The  trdncmics  were  crogrommed  m  accordance 
with  the  simulotion  description  iRe-erence  6).  Tre  weight¬ 
ing  coefficients  on=  Indifference  thfesholos  for  the  visual 
and  vestikulof  inctrs  ere  shown  in  Table  1 .  No  weignts 
were  applied  on  vestibular  outputs,  I.e.,  the  vestibulcr 
outnuts  were  used  cs  meosurements  only  end  were  not  to  be 
nulled.  The  vestibular  threshold  ieyels  were  token  os  three 
times  the  typical  Iccorcrory-detemined  threshoics,  to 
occcunt  for  maskirc  and  effects  of  the  simulator,  using 

these  parofT.eters  In  -he  model  resulted  In  tnc  rms  oerformcncc 
predictions  shown  'n  Figure  3.  which  also  indketes  the 
ranee  of  means  of  r-e  three  si-hiec*s.  Figure  3  decrly 
demonstrates  that  •here  is  good  ogreement,  both  quolitotively 
end  cuentitatively,  cenween  the  rodel  preaictions 
results  for  the  three  subiects  (o  ‘mcU  population).  Both  the 
model  ond  the  experimental  data  show  little  difterence 
between  fixed-bese  and  moving-base  conditions  oeccuse  the 
simulctof  seemed  *0  ce  operating  -ecr  the  vestibular  thresh¬ 
olds  much  of  the  time  tReference  ci. 

Table  1.  Weichting  Coefficients  ond  Indifference 
Thr^holds,  VTCl  hevering  Tosk 


To  extend  the  use  of  this  model  to  incorporate  mohon 
cues,  wc  first  ossun.o  thot  the  seml-crculor  cerjoi 
otolith  signols  cen  be  representeo  by  an  equivalent  sM  of 
vestibular  organs  aligned  with  ^he  cocy  oxes,  .‘***;  .  . 

r^wc-'ir.cfe  trcn^'ormorlons  rf/UU'r'.-c  -ou.J  i-.*  -c.  ormec 
internolly .  Pollening  Reference  5.  ^e  use  tne 
tronsfer  functions  between  the  physical  stimu.us  end  the 
efferent  firing  rate  (expressed  in  terms  of  the  stimulus  units). 


Semi-clrculof  cona! 


.0069s'’ 


■  50) 


(s+  .0555)  (s  .0333) 
7  2 

{deg/sec  )/(deg/5ec  ) 

Otolith 

/f  =  2.024  (s-*-  .09£e^ 

^oto^  (s  +  .20) 


(3) 


(4) 
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w 
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0 

2 

JS7  deg/sec 

CTO 

1.0 

0 
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These  transfer  functions  represent  the  effects  of  the 
I(y  "displays"  shown  in  the  block  cicgrom  m  ^ 
the  dynomics  of  the  vestibular  sensors  incorporated  m  .he 
equations  of  the  system  dynamics. 


To  .xomio.  the  effect;  of  the  noiie  to  !ig.wl  rotio  fa 
veifibolor  only  meowrement;,  the  ms  predicfiors 7  ttse 
we,,  capered  with  the  experimentol 
In  Reference  5  for  five  typicol  plonts.  The  '>'''1 
used  In  Reference  5  wos  opproxmc^  by  ° 
fllhsr  os  described  In  Reference  4.  Figure  2  comporei  the 


HI.  VMCCues 

The  primary  difference  between  'MC  and  VMC  cues  (os 
reported  onecdofecly)  seems  to  be  that  the  pilot  .s  willing  to 
folerote  lorger  excunlons  of  attltwce  ongle  to  more  closely 
control  positiat  (Reference  6)  or  to  use  higher  benx  ongle 
rotes  to  null  position  error  (Reference  7).  There  ore  severol 
places  in  the  model  where  this  might  be  occi^nfed  foe: 
decreased  noise  or  threshold  on  angular  rote  becovse  ot  in¬ 
creased  pcripherd  stimulation,  or  cy  decreased  weighting 
on  ottitude  rate  to  reflect  different  pilot  strotegy.  Both  of 
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rhese  porcmefer  changes  were  explored  m  compor.ng  pilof 
describing  functi^^  data  reoorted  tn  Reference  7  for 
fixed-bo^  roll  trocking  tcsVs:  one  with  cues  (conven¬ 
tional  roll  ottitude  disployl,  and  one  with  VMC  cues  ^ide- 
field  contoct  onolog  display).  The 

perceived  rate  threshold  on  the  calculated  pilot  des^.b  ng 
Lnction  ere  shown  in  Figure  4.  The  effects  of  voting  the 
maximum  roll  rote  ere  shown  in  Figure  5.  These  figor« 
indicate  that  the  descrlbir^g  function  is  for 
to  chang^^s  in  the  maximum  roll  rate  than  to  its  threshold, 
becco«  thij  corticulcr  frocl  ing  to,k  vos  b^rg 
obove  the  oKumed  threshdd  value,.  Tht,  lead,  to  the  con- 
elusion  that  for  the  increased  pilot  gam  observed  in 
artitude  control  tcs’xs,  VMC  cues  can  be  incorporated  m 
the  model  by  decreasing  the  penalty  on  ottitude  rote,  or 
irirronsinc  *he  maximum  vclue  of  ottitude  rate. 


To  determine  the  effects  of  these  VMC  cues  In  a  more 
comoiicoted  condition,  the  model  was  used 
pilot  describing  furction  ccrcrn.ned  from  m-flight  experi- 

ments  In  o  VMC  roll  central  task  as  described  m  Reference  7. 
In  comooring  the  predicted  describing  function  and  the 
measured  vdues,  we  fou'^o  good  agreement  except  at  low 
frnauoncics  'o  rot  uncommDn  choractenstic  of  the 
Th«  primorv  discrepancy  be-woen  the  preo.ct.ons  and  the 
doto  lies  in  a  low  frequenr/  fall  off  In  gain  ond  a  corres¬ 
ponding  increase  In  ohase  lead,  wheroos  the  pilots  mom- 
tained  the  .oin  with  no  ci>ase  lead  at  frequencies  be^  .3 
radians  per  second.  At  the  present  t.me  there  -s  no 
exclanction  for  the  difference  between  the  model  predictions 
and  the  -Ofa,  since  chancing  the  weights  on  cone  s  end  oto¬ 
lith  measurements  in  comparison  to  the  visual  display  has 
only  miner  effect  on  the  oiiot  describing  functions 
here.  The  orimer/  oiffere-ce  In  the  comolete  fo^ard  joop 
rrensfer  -jnetion  is  that  t^e  model  looks  like  «  S°'n 
first-order  system  at  low  -reguencies,  whereas  the  data 
irrcly  the'  ‘he  forvvcrd  trensfer  function  behoves  more  like 
an  inteqrctor  ot  these  low  Aequencies. 


Figure  1.  Optimo!  Control  Model  of  Human  Response. 


IV .  Conclusions 

ron-rol  r*  -he  oilot  hm  been  extended  to 
ir.ccrDcrnT..-  motion  ana  v..uci  cues  ours.ee  ihe  cockp.t.  ihe 
vestibulor  -reesur-.ments  erceor  to  be  adequately  accounted 
*c<-  bv  In— c.otino  their  r/ncmic  rroocrtles  m  the  con- 
*ro*led  -'-m.-t  dynamics,  end  including  their  offerent 
il  *nals  c‘  measurements  v.irh  noise  to  signal  ratios  of  coproxi- 
,  'otely  -  ti*  to  -13  d3 .  Using  :hH  opprooeb  we  have  accu- 
r.^tcly  prpoicred  the  difference  bebweon  fixed-boso  and 
o;fferir:!  -ov-n<rba^e  cues  *n  a  VTCL  hovering  task  both  on 
obsoiurc  cro  o  relative  -csis.  The  incorporation  or  VMC 
ru.'S  in  v‘-*ucie  ccm.^d  -os-.s  cpceors  to  be  moaeled  by  o 
change  ;n  rhn  .veightina  coe-Icionts  of  the  cuodrat.c  cost 
renntiord,  whlcli  ore  ecuivnlenr  ^o  raising  the  moximum 
value  of  .ttiJudo  rate.  Using  this  technique  Jo  predict  pilot 
rie'cribing  function  data  fa  toth  motion  end  VMC  cues 
provides  excellent  agreement  at  the  mid-  to  high-frequency 
r-onoe,  but  as  yet  there  Is  no  cdcquoto  e/oicnation  fix  the 
tbscreccncv  beh/.cen  the  model  end 

froquencie;  C  1  -  .3  redio-s  oer  second).  In  spite  of  this, 
it  opDcors  cs  though  the  moael  os  it  currently  stonds  is 
copoble  of  providing  on  excellent  predict.^  of 
pilot  performance  with  the  odditton  of  motion  and  VMC  cues. 


Figure  2.  Comporison  of  Model  ond  Hxperimentol 
Goto  Versus  Noise/Signal  Rotto  - 
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|Vp|,  tN/oet. 


Fiaure  4.  Effect  of  Anitude  Rote  Threshold  on  Pilot 
Docribing  Function  (Reference  7), 


Figure  5.  effect  of  Attitude  Rote  Cost  V/elqhting  on  Pilot 
Describing  Function  (Reference  7), 
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THE  E'/ALUATION  OF  PERIPKEEIAL  DISPLAY  UlIITS  IH  A 

FIXED  BASE  SIMULATOR 

by  Lloyd  D.  Reid  and  Andrew  J.  Fraser 

University  of  Toronto 
Institute  for  Aerospace  Studies 

SU-a-lARY 


,t'  -^'-e  resign  of  a  fixed  base  hovercraft  simulator  a  periph- 
^L^a-;  unir-nas  been  constructed.  This  unit  operates _in  =?^func*ion 
a  -A- --a'  co-tuter  generated  perspective  view  ci  a  roaa^..  *  * 

a  -  .  re>-inhe’'al  disnlay  is  controllea  cy  tne 

S-1  ”^nVa=n::.  f3'“o'^aS?fa-.,  fa.' p.as.sa  ot  th.  polaa  -.;a.-o„pP 


:r.e  rile 


nerirner 


01*  view. 


T.  -..e-  to  assess  the  effectiveness  of  the  peripheral  display,  an 


3  corner; I'r 


Mncs6  i.r.volvsl  on  “tlis 


rresran  indicated  that  the  per- 


oner; 


dierlayr  aided  much  to  tne 


eaiisit  of  the  sinulation# 


IlITF.ODUCTIGi: 


The  rreseni 


3-lav  develonment  has  teen  undertaken  as  part  of  a  pro- 

_ yy  ^tud-"  air  cushion  vehicle  technology,  .'-tr  inter- 

tr\-Ta-TddintT--etlerrfixh  base  simulator  capable  of  performing  _ 
t'-T  shicn  vehicle  control  studies.  In  particular  we  intena  to  in- 

!  -T  ^‘o?*rc^  of  ai>-  cushion  vehicles  of  modest  size  d-uring  cruise 

-or-'^io-s  when  onerated  over  restrictea  patnway  =  .  -a. - 

ir/ri-tr  or  overland  applications  in  the  Canadian  .lor.h. 


GHIERAL  3YSTS:-i  DETAILS 


Tn  to  achieve  a  suitable  simulation  of  this  task  it  is  necessary 

to  develo;  ;  f  ?hi?-"rresf bllSL^e^  SiS  o:^." 

\-rn  4SV-  f  .  p-o 

drivi.  g  an  electronic  a-Y  1.  -this  results  in  a  256  x  256  dot 

:i:!L^fsplS!"TSrLa?og  com^^t;;  i;  used  to  simulate  the  vehicle 
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ecjaations  of  motion. 

The  work  station  was  configured  with  suitable  vehicle  controls.  It 
was  decided  to  augment  the  central  display  with  a  peripheral  display  in 
order  to  nrovide  additional  velocity  cues  and  added  realism. 


CEIITRAL  DISPLAY 


7*^0  format  of  the  central  display  was  se-;-ected  ^o  represent  a 
straight  pathway  lined  with  marker  poles.  See  Figure  1.  This  is  a  view, 
i^  terspective,  of  the  scene  as  observed  out  the  front  cab^ window.  ^  The 
des  of  the  pathway  trovide  -Lateral  position  cues^  the  poxes  piOwiv*e 
velocity  cues,  and  the  vanish  ng  point  heading  cues.  A  horizon  line  com- 
the  nicture  and  orcvides  pitch  and  roll  attitude  cues.  The  amount 
of  detail  must  be  restricted  to  allow  the  mini-computer  to  maintain  a 
display  undate  rate  sufficient  to  achieve  smooth  display  motion.  The 
rresent  svstem  is  updated  vitn  a  newxy  computed  picture  at  a  rate  oi  25 
per  second, 

2  represents  the  display  with  non-zero  vehicle  attitude 

vai'iabies . 


PERIPhjir.AL  DISPLAY 


tral  display.  See  F 
is  picked  up  on  the 
mini— corxuter  contro 
position  of  the  pole 
software.  The  total 
er * 3  eyes  are  l8  in. 


.i.:p.:ay  x.its  are  :..cao^u  :n  eioher  side  of  the  cen- 
.^ure  3.  As  a  pole  leaves  the  central  display  it 
'erirheral  display  at  the  appropriate  time  and,  under 
L,  traverses  the  display  screen.  The  correct  angular 
in  the  field  of  view  is  achieved  through  suitable 
field  of  view  of  the  display  is  170  when  the  view- 
from  the  central  display. 


The  mechanical  features  of  the  peripheral  display  units  are  shown 

^,*1 _ _  1;  front  face  of  the  unit  is  a  translucent  plexiglass 

2Qv.4a0j^^  single  pole  is  projected  on  to  the  rear  oi  the  screen  by  using 
a  vertical  line  light  source.  Motion  of  the  pole  is  achieved  by  employing 
a  galvanometer  mounted  mirror.  The  galvanometer  deflection  is  controlled 
by”^a  12  bit  high  speed  digital-to-analog  corr^erter  that  is  part  of  the 
mini-computer  system.  The  left  and  right  hand  units  are  under  independent 
computer  control.  The  poles  can  move,  if  required,  either  lorward  or 
backward  since  the  system  is  based  on  position  information,  -zach  unit, 
however,  is  restricted  to  the  display  of  a  single  pole.  If  a  situation 
arises  where  two  poles  lie  in  the  field  of  view  represented  by  a  single 
peripheral  display  unit  then  only  the  pole  closest  to  the  central  CRT  is 
displayed. 
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When  a  pole  ieav- 
out  of  sight  at  the 
its  naxinun  rate  to  t 
ults  from  this  flybac 
the  use  of  a  shutter 
odex  and  unnecessary. 


3  the  peripheral  display  the  light  bean  is  parked 
cnt  end  of  the  unit  by  driving  the  galvanometer  at 
position.  No  detectable  light  bean  notion  res-^^^ 
*opWation.  An  alternative  to  this  approach,  namely 
o  dank  the  light  source,  was  deened  to  be  too  con- 


DISPLAY  EVALUATION 


sor.e 
the  a 


:r.  order  to  eva^'. 
vehicle  on  the  a:^ 
air  cushion  vehic_ 


vnee. 

wave: 


uia^ 

syst 


ualified  cperatc: 
,r.  etipioyed  repre. 
:h  :;referenoe  i}. 
^steering  wheel  u 

A  tasK  uistruba!- 
L  ang^e  pertui'ba  - 
s  with  freouencie 
zero  and  the  rr^s 
rati  of  Figure  6  r 
e-.  (note  that  : 


ote  the  display  it  was  first  necessary  to  sinulate 
connuter.  Because  the  equations  oi ^notion  for 
e  were  not  yet  available  it  was  _ dec ided  .o  sinuate 
vp-pre  5.  T'nis  also  sinplifiea  tr.e  Job^of  find- 
-r’  ^his  stage  in  the  program..  The  equations  o. 
:tra'”star.dard  North  /unerican  sedan  .ravelling  at 
“V  -atio  -'f  10:1  was  enplcyed  along  with 

radband • 


:e  signal  was  incorporated  in  the  for; 
"^This  signal  was  made  up  of  a  su 
rad. /sec.  The 


of  a  road 
of  ^  sine 

v.-.pp.~  Q  5  and  6.28  rad. /sec.  --ne  dc  level 
,,tlt,ended  to  3.25°  of  steering  wheel  angle.  The 
t-eserirthe  analog  conputer  inplenentation  of  this 
'has  been  dropped  from  the  equations  because  V  »  Yr.) 


Mode 

Mode 

Mode 


-'•■11  c-'-r-il  disnlav  and  peripheral  units, 
fll  oAtral  display  without  peripheral  units, 
partial  central  display  (poles  absent)  with- 


:a3e  of  the  latter  (Mode  C)  no  forward  motion  cues  are  present. 


3^’-vai  davs,  3  subjects  underwent  a  series  of  ses- 
^ver  a  ^od  eacr.  The  flrsu  few  acs>3ions 

sions  in  the  simulator  lata  base  for  the 

Asr^esuits.'  Th^  number  of  training  sessions  per  subject 
waTMTusted  to  ensui-e  that  each  individual’s  learning  c-..r.e  .a  -  a 
tened  ouo. 

TEST  RESULTS 

-r-ni  '^>'acki^^  v'ec^rds  are  shown  in  Figure  7.  -ere  5^  is  the  road 

vh,=l^)t-.2bLc.  sr~h,  a,  is  til's  stesrins  .iie.l  po.ltltn,  »  « 
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,  ■  m  -in  =T,iscenent  from  the  center  cf  the  road. 

straight  road  in  the  presence  of  the  distur- 
*  “  T--‘e'car's  steed  was  r.aintair.ed  at  30  nph  by  the  conpu.er. 

Dance  s.^na  i  e  ,  ^.^ndard  deviation  of  lateraa  position. 

-e'llalrlS  leliS  and  after  the  last  test  session,  the  subjects 
were*  questioned  about  their  inpressions  of  the  sioiuia.cr,  ana  oU,ibestx^ns 
for  ir^rr overrents  vere  invited. 

A  xwe  — cving  scores  achieved  by  the  subjects  based  on 

Figure  3  ',ve>-age  of  the  scores  achieved  by  all  3 

6  replicates  per  lata  poi,...  .  -o  A  and  a  l^^f.  itipro- 

subjects  3hows^a^9h_^t^r=vet:e  .  X..  ,,,,,,,,  ,erfcr:ted  on 

;S;f  dlL^indLi;-  that  lisplay  .ode  effects  were  significant  at  the  5. 

level , 

,  ’^■1  ^ e'"’!! t-lie  Tjresen't  sirn,''.*— s-** 

r^'  ^  1 1 /-'t.T'?  ^ i*s  vere  ...due  -ij.  ^  ^ 

li-i-'''"*e-dencv  to  fixate  on  the  notion  of  the  vanishing  pcin- 
tion:  -.n  ^  ^  resulted  in  inadvertent  control 

to  the  exclusi...  X.  -X.  ^  rersiotent)  in  the  Mode  C  dis- 

reversa.,  wnion  Wi,.  training,  subjects  found 

V-ir-lo  QC  down  the  road  and  were  then  better 
they  usei  an  ai...x-.t=  ^  V, Mode  tests  subjects  stated  that 

able  to  util  oe  tne  usp  a:-  xU.  .  o^e  an  instrin.ent 

they  J-df!,:;-*.;:-:,:?:;  cues  trcviled  by  the  poles  on  the 

In  general  tney  -eu.  '^V  /  :  a-d  that  the  peripheral 

SlSs'2SertL"'Slntytotnter;r;tthe  display  as  a  real  world 

situation. 


COIICLUSIKi 

■-<=P  -f  De-’-he-al  disnlavs  to  conplenent  the  notion  depictea  on  a 
--  .V^,:  -tnttVcre'en  creates  a  ncre  cor.pelling  sinulaticn  o:  tne 

ona_x  rerfomanoe  inproves  under  these  conaitions 

real  world.  Hx„xn  ope--  _  .,-o^ect  into  the  task.  In  effect,  tne 
and  they  are  nore  easil..  -bie  to  i-  ^  ’av-er-  s-t-ulator  disnlav  without 

use  of  peripheral  displays  can^ generate  a  .a.^e.  -  .  . 

^reatly  increasing  systeiri  cor.plexioy* 


(Further  derails  concerning  Pnis  prc,:^ 


tained  in  reference 
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SIMULATION  CONSTANTS 

Pathway  width  ^2  ft 
Distance-edge  of  road  to  pole  ^  9  ft 
Distance  to  furthest  pole  TOO  ft 
Distance  betv/een  poles  100  ft 
Height  of  poles  25  ft 
Eye  level  ^ 


FIGURE  1 


4)  =  -  0.1  rad. 

6  =  0.1  rad 

4,  =  0.25  rad 

T  =  -  4.0  ft. 

y 


SIMULATION  CONSTAilTS 
Pathway  width 

Distance-edge  of  road  to  pole 
Distance  to  furthest  pole 
Distance  between  poles 
Height  of  poles 
Eye  level 


12  ft. 
9  ft. 
700  ft. 
100  ft. 
25  ft. 
4  ft. 


FIGURE  2 


Simulation  Control  Flow 

FIGURE  3 
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FIGURE  4 
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Autooobile  Motion  Vectors 


•  -1 

-  - 

-  * 

3  -  Y 

V-Y 

V 

*3 

V 

r 

1 

t 

n 

r 

V 

r 

- 

-  - 

* 

Automobile  Uteral-Eirectional  t-tatrix 


>  2(.-€)(7.6)s  ^  l.sb 
~  8^(3^  +  2(.94)(5.5)s  +  5.6^) 

4,  _ 19.9(8  »  6.1) _ 

®  3  (s^  +  2(.94)(5.6)s  +  :.6  ) 

Automobile  Transfer  Functions 


Vehicle; 

Speed 


N 

V 


IJorth  American  Sedan 
44  fps 

90.9  ft/sec  -  rad 

-5.6  sec”^ 

2.87  ft/sec  -  rad 
-2 

19.5  sec 

0.094  rad/ft  -  sec 

-4.86  sec”^ 


Automobile  Dynamic  Parameters 


FIGURE  5 
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steering  Wheel  Dead  Space 
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Time  Trace  of  Subject  Performance 


FIGURE  7 
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Mean  i'erformance  b'coroa  by  Subject  Sc  Mode 

(Bars  Indicate  Standard  Deviation) 


ROLL  AXIS  TRACKING  IMPROVEMENT  RESULTING  FROM 

PERIPHERAL  VISION  MOTION  CUES 

Thomas  E.  Moriarty,  Air  Force  Institute  of  Technology 
Andrew  M.  Junker,  Aerospace  Medical  Research  Laboratory 
Don  R.  Price,  Aeronautical  Systems  Division 


SUMJIARY 


Subiects  performed  a  compensatory  rol]-a::is  tracking  task,  with  and  with¬ 
out  peripheral  vision  motion  cues.  Controlled  vehicle  dynamics,  of  t^e 
general  forms  K/S^  and  K/S  %  were  simuxated  on  an  analog  computer.  Control 
Ls  commanded  via  a  force  stick  in  a  station-ary  cockpit  mockup.  Plant  roll 
rate  in  the  form  of  vertically  moving  black  and  white  grid ^ lines,  was ^ 
displaved  on  television  screens  positioned  on  either  side  of  the  cockpit. 

The  target  aircraft's  motion  was  simulated  by  a  sum-of-sines  input  forcing, 
function. 

Roll  axis  tracking  perfornance  is  shown  to  inprove  marginally  stable 
olant=  of'the  general  form  K/S^  when  peripheral  plant  toll  rate  information 
L  provided.  Subiect-controlled  plant  describiug  functions  are  compared  for 
both  plants,  with  and  without  the  peripheral  motion  cues.  Subiect  describing 
functions  are  also  compared.  The  tracking  error  spectra  are  broken  into 
correlated  and  remnant  contributions,  and  are  compared  for  all  four  condi¬ 
tions  . 


INTRODUCTION 


In  the  last  ten  vears,  research  has  been  performed  which  indicates  tnat 
peripheral  vision  cues  might  be  used  to  assist  in  accomplishing  manual  _ 
control  tasks  (Ref  1,  2,  3).  This  Is  particularly  attractive  from  the  view¬ 
point  of  allowing  the  human  controller  to  have  aaditiona^  information 
without  increasing  the  complexity  of  his  foveal  display.  Another  motivating 
factor  for  research  into  peripheral  vision  cues  is  the  possibility  of  sub¬ 
stituting,  at  least  in  part,  peripheral  vision  displays  for  actual  moving 
base  capabilities  in  simulation. 

The  Aerospace  Medical  Research  liUboratory  at  Uright-Patterson  AFB,  Ohio 
is  presently  engaged  in  a  long  term  study  of  the  effects  of  motion  on  tne 
human  operator,  including  the  effects  of  both  peripheral  vi^on  motion  cues 
and  actual  moving  base  cues  for  roll-axis  tracking  tasks.  This  experimen  .a 
study,  performed  by  personnel  at  the  Air  Force  Institute  of  Technology  at 
Wri-ht-Patterson  AFB,  is  in  support  of  the  laboratory  s  overaxl  effort  and 
addresses  the  specific  question  of  whether  a  stationary  operator  s  performance 
of  roll-axis  compensatory  tracking  is  improved  when  control,..ed  plant  roii 
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.  f-hP  form  of  vertically  moving  black  and  white  grid  lines,  is  dis- 

istics. 


list  of  s’:>’bols 


-  controlled  plant  transfer  function  ‘5^^^  - 

Y  -  subiect  describing  function  _  retnnant  error  power 

®  ^  r  spectrum 

margin  ^  crossover 

^  frequency 


-  phase  margin 
m 


experiment  descriptions 


^..hi^rts  were  given  a  roll  axis  tracking  task  in  a  fixed-base  Simula- 
.  u  .n^rfclllv  in  Figure  1.  In  particular,  the  subjects  were  askftd 

tion  s.  own  aircraft  in  the  roll  axis  by  minimizing  the  centrally 

to  fo  ^  ^  prror  The  task  was  accomplished  both  with  and  without 

51r?Jhrr.l“SjtIy  u„u;  »hich  provided  rde  subject  olth  the  plant  roll  rnta. 

rm.,^,-r,npr^  Plant  Dynamics.  Two  different  controlled  plants  were  used  in 
- -i - The  choice  plant  dynamics  permitted  a  comparison  o. 

the  experiment  The  choice  Of  p  y  ^ 

peripheral  vision  motion  .,^^3  ..  a  transfer  func- 

different  levels  or  cask  aii..n-ai.c.,  .  j  r 

cion  of 


C(s)  = 


s(s+l)(s+lO) 


and  was  considered  to  be  an  easy  plant  to  control  ~)  •  The  "difficult” 
plant  was  designed  to  be  more  dif^icuU  to  control  fr)  and  consisted  of 

63.75 

C(s)  =  — - 

s=(s+0.5)(3+10) 

Figures  2  and  3  show  ^^®  f^®^^^^J^  ^g^;°g^®grfsimilarL^two‘’irJhf plants 
Slrd"ln'rS;urd?b=™%?udrporfor..d  b,  mnltdr  and  RaploPla  <Rdf  4:819- 
822). 

c  <;inPQ  Tracking  Input.  A  different  sum-of-sines  input  signal  was 

and  a  20  degree  R.MS  amplitude,  and  is  shown  on  Figure  . 
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Plant  the  12  components  had  a  bandwidth  of  0.5  radians/sec  a^pU- 

r  40  deereeL  Figure  3  shows  the  input  power  spectrum  for  the  dif*i 

cult  plant.  Table  1  contains  a  list  of  the  twelve  input  frequencies. 


Table  1 


Input  Forcing  Function  Frequencies  (rad/sec) 


=  0.077 

=  0.192 

=  0.307 

00  =  0.460 

4 

*  0.690 
-0.,  =  1.035 

D 


“7  = 
“8  “ 

“lO  " 
“ll  “ 
^12  “ 


1.572 

2.378 

3.567 

5.369 

8.053 

12.080 


EOUIPMF.NT  &  FACILITIES 


•  The  controlled  plant  dynamics  were  simulated  on  analog  computers  A^ich 
r-onled  inputs  from  a  side-mounted  force  stick  and  produced  output  signals 
■  rhe  central  and  peripheral  display  units.  A  digital  computer  was 
s™-S"3ln.s  i„put  foLlng  funptlon,  and  »a3  also  used 
fo^'dlta  collection  and  fteouency  analysis  coopotatlons.  Tlae  sobiect  was 
re^tld  Jn  f  stationary  flabter-typ.  cocltplt  «,ckup  vhlch  vas  “  w™;  “ 

t"Lted  too.  olth  a  lo»  light  ley.l.  The  central  and  peripheral  displays 
were  positioned  as  shown  in  Figure  4. 

rmnrr.il  fFoveal)  Display.  The  foveal  display  was  presented  on  a  12^  in 

Thringle  between  the  rotating  and  stationary  lines.  depicted  the  di 

ference  between  the  controlled  plant  roll  angle  and  the  forcing  function  roll 
angle. 

Pprinheral  Display.  The  peripheral  display  was  presented  on  two  21  inch 

Toirtirof  ?£:  ‘if  r/tSi 

40  degrees  nasal  to  90  degrees  nasal. 
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V 


The  peripheral  display  presented  plant  roll  rate  i"  the 
cally  moving  alternate  black  and  white  bars  2  3/4  in  wide, 
was  scaltid  such  that 


V  =  1 6  •  5  uj 
P 


form  of  verti- 
The  bar  motion 


„„e„  V  .as  th.  display  patters  vertical  velocity  la  la/aec  aod  a  Is  the 

P  .  .  ,  - 


^  -I  1 1  in  rad/sec.  The  distance  between  the  center- 

instantaneous  plant  roll  rat  nprioheral  displav  is  16.5  in.  Polarity 

iS'sechlL^re  ^JSa’o/the  Uses  represented  the  apparent  bachPronnd 

morion  that  would  result  from  cockpit  motion. 


EXPERIMENTAL  PROCEDURE 


mr-ai  conditions  were  experienced  by  each  subiect.  The 
Four  eaPd”*™"!  j^oted  a,  ■■.ornlng”  and  "afternoon" 

and  then  briefed  on  the  display;  and 

group  first  experienced  th  _  .  j  ,,ntil  the  R**S  e’Tor  scores  indicated 

callv  -"„;;7:77:71a;7d\?v:i''of  t;.h  proficiency.  After 

that  the  su  ]  n-,  arnod"  the  task  sicnals  were  recorded  for  subsequent 

the  subjects  had  displav  vas  then  added  and  the  morning  subjects 

tS^fs^untii  iearn:.tig  -^^-^^.^-rStfo^ed^thrsiL^^ 

the  task  without  the  peripheral  units. 

'  ri'ir  the  ’’difficult”  pluHt  was  changed  sObaC- 

The  of  subjects  was  reduced  by  one 

what  due  to  subject  limitat  .  qrtemDt  to  insure  that  separate 

and  chcy  cars  combined  Info  L^b  snb,,.cr  or.pLl- 

'cSSrLcrr^rS  rLhs  of  on.  ran  with  peripheral  tnllov.d  bv  one  run  olth- 

out  the  peripheral  display. 


Data  Recording 

.  “  '"7 :7re\Mr:rr77Seri:dtJ7:rrLf  ;77;bre«s^-’'"-^ri- 

r;;ourSad  "leLed"  the  tracking  task  for  a  given  experimental  con- 
mental  group  -  digitized  and  recorded  for  use  in  analyzme 

nirJ  s  rltegv  Ve  ame  histories  from  the  last  4  replicates  for 
rac^subrect  ii  Tach  edition  consisted  of  input  forcing  function,  error, 
stick,  and  controlled  plant  output  signals. 
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DATA  ANALYSIS 


A  Fast  Fourier  Transform  (FFT)  technique  was  used  to  convert  the  raw 
digital  data  into  useful  performance  measures.  Power  spectral  densities 
were  generated  for  both  correlated  and  remnant  comp-'nents  of  the  input,  error, 
stick  (subject)  and  plant  signals.  Transfer  characteristics  (describing 
functions)  were  calculated  for  the  subject  and  the  subject-plant  combination. 

The  analysis  methods  used  in  this  study  are  based  upon  those  presented 
in  Ref  5,  and  will  be  briefly  summarized  here. 

For  a  12  component  sum-of-sines  input,  correlated  power  can  only  exist 
at  the  twelve  nominal  input  frequencies.  Thus,  any  power  observed  at  non- 
input  frequencies  is  directly  identifiable  as  remnant  under  the  usual 
definition  (Ref  6,  7,  8).  For  each  recorded  experiment  run,  the  remnant 
power  was  calculated  at  the  FFT  frequencies  (base  frequency  =  0.038  rad/ 

sec)  over  a  frequency  band  encompassing  0.125  octaves  on  either  side  of,  but 
not  including,  each  nominal  frequency.  Correlated  power  at  the  nominal 
frequency  was  then  computed  as  the  difference  between  the  total  power  at  the 
nominal  and  the  average  remnant  in  the  corresponding  band. 

The  experimental  results  were  combined  by  groups  for  presentation  and  the 
statistical  significance  of  apparent  group  mean  data  was  determined  by  means 
of  a  small  sample  t-test  (Ref  9).  The  group  means  along  with  an  indication 
of  plus-or-minus  one  standard  deviation  were  used  for  graphical  presentation. 


RESULTS  AND  CONCLUSIONS 


The  results  and  conclusions  are  presented  with  emphasis  upon  determining 
if  the  peripheral  motion  cues  improved  subject  performance  in  the  compensa¬ 
tory  tracking  task  and,  when  performance  was  improved,  determining  how  the 
peripheral  cues  were  used.  Overall  subject  performance  is  presented  first, 
using  RMS  error  scores  of  Che  cracking  task  as  Che  performance  metric 
Analysis  of  subject  control  strategy  follows  and  is  performed  in  the  frequency 
domain. 


R>tS  Tracking  Error 


Figures  6  and  7  show  the  group  RMS  tracking  error  scores  for  the  ’’easy” 
and  "difficult”  tasks  respectively.  The  means  (indicated  by  circles)  and 
standard  deviations  are  plotted  by  day  for  each  of  the  two  experimental 
conditions  encountered  for  each  plant. 

The  morning  groups  performance  for  the  easy  plant  is  not  shown  because 
a  circuit  malfunction  in  the  analog  computer  plant  simulation  made  it  diffi¬ 
cult  to  validly  compare  the  peripheral  to  nonperipheral  condition  tracking 
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error  scores. 


The  afternoon  group  "easy"  plant  tracking  error,  shown  in  Figure  6, 
indicates  that  after  learning  has  occured  there  is  little  improvement 
to  be  obtained  bv  providing  peripheral  roll  rate  information.  Applying 
a  t-test  to  the  last  four  runs  with  peripheral  and  the  last  four  runs  without 
peripheral  resulted  in  no  significant  difference  between  the  population 
samples  0.6  level). 

The  "difficult"  plant  results,  shown  in  Figure  6,  show  that  the  use  of 
the  peripheral  plant  roll  rate  display  yields  a  significant  (>  0.001  level) 
reduction  in  the  RMS  tracking  error. 

It  can  thus  be  concluded  that  for  more  difficult  plants  (K/s"-type 
controlled  plant  dynamics)  roll-axis  tracking  performance  of  a  static  human 
controller  is  significantly  improved  when  plant  roll  rate  information,  in 
the  form  of  verticallv  moving  black  and  white  horizontal  grid  lines,  is 
displayed  in  the  peripheral  field  of  vision.  Tracking  performance  is  not  ^ 
significantly  improved  by  displaying  plant  roll  rate  in  the  human  operator  s 
peripheral  field  of  vision  when  the  controlled  plant  is  stable  with  control 
dvnamics  of  the  form  K/s^. 


Frequency  Domain  Analysis 


Frequency  domain  data  and  analysis  of  the  tracking  task  results  are 
presented  separately  for  the  two  controlled  plants  with  the  easy  plant 
r^Llts  treated  first.  In  order  to  assess  the  effect  of  the  peripheral 
display  upon  the  correlated  portion  of  the  subiect's  response,  the  group 
mean  subject-controlled  plant  describing  lunctions  are  compared  .or 

the  two  conditions  of  with  and  without  peripheral  displays.  The  group  mean 
subject  describing  functions  (Y^)  are  then  compared  and  tinally  the  associated 

error  signal  power  spectra  ( and  ,^^^^)  are  examined.  All  data  plots 

depict  group  mean  values  in  circles  with  an  Indication  of  plus  or  minus  one 
Standard  deviation. 

"Easy"  Plant.  Figures  8  and  9  show  the  describing  function  for  the 

two  conditions  of  with  peripheral  display  and  without  peripheral  display 
respectively.  A  visual  comparison  of  the  two  describing  functions  yields 
ITttTe  noticeable  difference  and  since  Y^  is  constant  over  the  two  condi¬ 
tions,  the  subject  describing  function  Y^  should  yield  a  more  direct  indi¬ 
cation  of  different  control  strategies,  figures  10  and  11  are  plots  of  the 
group  mean  describing  functions  without  and  with  the  peripheral  roll  rate 
dispLy.  The  Y^  data  agrees  with  the  Y^  characteristics  implied  by  the 

Y  Y  describing  functions.  The  data  points  which  differ  the  greatest 
in  value  for  the  two  experimental  conditions  were  at  u  =  1.035  rad/sec,  the 
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difference  w£s  not  significant  at  the  0.1  level.  Both  group  describing 

f  ri.’i-inns  exhibit  similar  adiustment  characteristics.  First  order  lead 
!as  applied  over  the  measurement  range  through  the  crossover 
tS  accoipLving  phase  angles  indicate  lag/time-delay  effects  below  the 
meas'emeSt  ran^e!  Additional  lead  was  applied  at 

over  prior  to  the  well  known  high  frequency  neuromuscular  lag  effects 
appearing  between  ^=5  and  a)=10  rad/sec. 

Easv  plant  group  error  power  spectra  averages  are  presented  in  Figures 
12  and  13.  Included  on  the  figures  are  the  average  percentages  of  total 
«ro7power,  and  one  standard  deviation,  calculated  for  correlated  and 
r™nt  err^r  contributions.  In  both  cases,  the  remnant  error  power  was  less 
than  25  percent  of  the  total  error  power.  Correlated  error  power  nuignitudes 
were  relLively  constant  at  nominal  input  frequencies  up  to  slightly  beyond 
Uhrsvstem  croLover  frequency  and  fell  off  sharply  thereafter.  The  two 
correlated  error  spectra  show  no  appreciably  different  characteristics. 

The  two  continuous  remnant  power  spectra  were  similar  in  waveform  shape 
w’th  the  t^reatest  values  of  remnant  power  occuring  at  the  lower  . requencies 
of  the  measurement  band.  In  each  case,  a  lower  magnitude  plateau  is  evident 
for  a  frequency  band  that  includes  the  system  crossover  frequency ,  and  a  high 
frequency  roll-off  is  observed  similar  to  that  noted  tor  the  correlate 

error  signal. 

"nif'icult"  ?lant.  Subject  -  controlled  plant  describing  functions  with 
the  difficult  plant  as  the  contrclled  element  are  presented  in  ri^ures  14 
and  15.  The  Y  Y  describing  functions  differ  in  amplitude  slope  and  phase 

angle  at  the  iLer  frequencies  but  are  strikingly  similar  at  the  higher 

innut  f’-e'^uencies.  The  crossover  frequency  is  about  .;-1.4  rad/sec 
in  each  case  but  the  phase  margin  is  about  38  degrees  with  the  display 

and  about  22  degrees  without  the  display. 

Group  averaged  subject  describing  functions,  Y^,  are  shown  in  Figures 
16  and  17.  The  V,  describing  functions  indicate  that  considerably  more  low 

frequency  lead  wal  generated  with  the  peripheral  display  present.  The  phase 
irgirSl'tferencea  significant  at  less  than  the  .on  level  tor  .easure.ent 

frequencies  <  1.572.  The  describing  functions  both  rerlect  a  40  db/decad. 
sToTe  at  and-somewhat  above  the  crossover  frequency  with  higher  frequency 
lag  effects  above  .=5  rad/sec. 

Figures  18  and  19  show  the  error  power  spectra  without  and  with  the 
peripheral  display  respectively.  The  spectra  present  the  same  general 
characteristics  for  the  two  conditions  but  they  do  dirrer  in  magnitu  . 
Annotations  on  the  figures  indicate  the  significantly  nigher  percentage 
of  correlated  error  present  when  the  peripheral  intormation  vas  available. 
Error  correlated  power  is  comparable  for  both  conditions  except  at  the 
frequencies  near  crossover  where  error  levels  for  the  peripheral  display 
condition  is  somewhat  less.  Both  remnant  spectra  are  relatively  flat 
through  1  and  roll  off  sharply  at  higher  frequencies,  similar  to  the  corre- 
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lated  power  high  frequency  decrease.  Remnant  power  with  the  peripheral 
display  present  is  consistently  4  to  6  db  less  at  frequencies  below  gain 
crossover . 


CONCLUSIONS 


Ire  y  Y  and  Y  describing  functions  did  not  indicate  any  appreciable 
"  s  c  s 

differences  in  subiect  control  strategy  due  to  peripheral  display  efrects 
for\he  easy  plant,  '^inor  differences  can  be  observed,  but  since  there  was 
no  apparent  iraprovenent  in  tracking  performance  or  changes  in  error  spectra, 
the  overall  conclusion  is  that  peripheral  rate  display  has  little  effect 
upon  the  subject’s  roll  axis  tracking  performance  for  the  easy 

(a  ^  )  plant, 

3  “ 

pr>-  tb.G  inorG  difficult  plGnt,  thG  prGSGncG  or  pGriphcrsl  rstG  *nforrna* 
cion  allowed  the  subiects  to  insert  nore  low  frequency  lead.  Above  cross¬ 
over,  there  were  essentially  no  di-ference  between  the  describing  functions 
for  ^r.e  two  conditions.  The  correlated  error  power  spectra  showed  ainor 
differences  but  the  rennant  contribution  to  total  power  was  appreciable 
reduced"  in  the  peripheral  display  condition.  The  rennant  power  was  reduced 
nostlv  in  the  frequency  range  below  crossover.  Ihus,  it  can  be  concluded 

j-Vj^t  *or  the  difficult  (  -  )  controlled  plant,  the  roll— axis  tracking  per— 

fomance  of  a  static  hunan  controller  is  significantly  Improved  when  plant 
roll  rate  information,  in  the  form  c  r'  vertically  noving  black  and  white 
horizontal  grid  lines,  is  displayed  in  the  peripheral  field  of  vision. 
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Figure  7,  Error  Scores  for  Difficult  Plant 
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Figure  14.  Group  Mean  Subject-Controlled  Plant  Describing  Function 
with  Difficult  Plant  -  Without  Peripheral  Display 
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Figure  15.  Group  Mean  Subject-Controlled  Plant  Describing 
Function  with  Difficult  Plant  -  Peripheral  Display  Present 
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Figure  17.  Group  Mean  Subject  Describing  Function 
Difficult  Plant  -  Peripheral  Display  Present 
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Figure  18,  Averaged  Group  Error  Power  Spectra,  Difficult 
Plant  -  Without  Peripheral  Display 
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Figure  19*  Averaged  Group  Error  Power  Spectra 
Difficult  Plant  -  Peripheral  Display  Present 
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ABSTRACT 


Data  obtained  in  an  experimental  study  of  roll-axis  tracking  are  analyz¬ 
ed.  The  effects  of  motion  cues  on  tracking  performance  are  modeled  by  (a)  an 
increment  of  0.05  seconds  to  the  pilot  time  delay,  and  (b)  inclusion  of  sen¬ 
sory  variables  that  are  likely  to  be  provided  by  motion  cues  (position,  rate, 
and  acceleration  of  the  vehicle  roll  angle  in  these  experiments) .  The  model 
reni-t'-ates  the  important  experimental  results;  namely,  that  motion  cueu  cause 
(a)  an  increase  in  low-frequency  phase  lead,  (b)  an  Increase  in  high-frequency 
phase  lag,  '’c)  no  change  in  man-machifle  gain-crossover  frequency,  (d) 
a  reductlon'in  rms  tracking  error  only  for  the  more  difficult  plant.  Modeling 
of  motion-sensor  dynamics  is  not  required. 

INTRODUCTION 


This  paper  reviews  the  results  of  an  analytical  and  experimental  study 
to  explore  the  use  of  motion  cues  in  a  simulated  roll-axis  tracking  task.  ^ The 
experiments  were  performed  at  the  Aerospace  Medical  Research  Laboratory  (A-’iRL) , 
Wright-Patterson  Air  Force  Base.  Primary  data  reduction  was  performed  by  the 
Air  Force;  statistical  analysis  and  modeling  were  performed  by  Bolt  Beranek  and 
Newman  Inc  (BBN) .  The  results  of  this  study  are  documented  in  gr -ater  detail 
in  Levison,  Baron,  and  Junker  (1). 

This  paper  is  concerned  with  the  use  of  motion-related  sensory  informa¬ 
tion  for  continuous  flight  control.  Other  potential  effects  of  motion,  such 
as  providing  alerting  cues  to  the  pilot  or  providing  "realism"  to  aircraft 
simulations,  are  not  considered  here. 

Analysis  of  the  Ai\RL  experimental  results  was  directed  towards  develop¬ 
ing  a  generalized  description  of  the  manner  in  which  the  pilot  uses  motion 


*This  work  was  performed  in  part  under  AFOSR  Contract  No.  FA4620-75-C-0600  Lt. 
f’ol,  William  Misecup  of  the  Air  Force  Office  of  Scientific  Research  was  con 
tract  monitor.  ~Mr.'  Andrew  Junker  of  the  Aerospace  Medical  Rese  rch  Labora¬ 
tory  directed  the  experimental  study  of  which  some  of  the  results  are  summar- 
ized  in  this  paper. 
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rhe  ultimate  goal  of  providing  a  model  that  can  predict  the  effects 
cueJ  ptrforince  1»  a  variety  .(  control  altuatlona.  Such 

a  model  would  have  a  number  of  important  applications;  for  example,  one  might 
use  the  model  to : 

(1)  determine  whether  or  not  motion  cues  are  used  by  the  pilot 
in  a  particular  control  situation; 

(2)  extrapolate  the  results  of  fixed-base  simulation  to  a  motion 

environment ;  ,  .  i  . 

(2)  facilitate  the  design  of  ground-based  simulators, 

(4)  identify  situations  where  misinterpretation  of  motion  cues 
is  likely  to  cause  a  pilot  response  that  seriously  degrades 
system  performance. 

Although  a  number  of  experimental  studies  have  been  conducted  to  deter¬ 
mine  the  effect  of  motion  cues  on  pilot  response  behavior  (2-5),  a  generalize 
lodel  has  not  been  developed  and  tested.  Rather,  the  conclusions  reached  in 
thlJe  studies  have  been  restricted  to  the  context  of  the  experiments  yielding 

the  data. 

Perhaps  the  most  comprehensive  study  of  the  effects  of  motion  cues  on 
trackin^performance  was  conducted  by  Shirley  (4).  He  explored  overall  system 
c  anri  nf  resoonse  behavior  in  a  series  of  tasks  that  included  a 

Sid^r^ge  of  vehicle  dynamics.  Most  of  his  results  conformed  to  the  following 

set  of  rules: 

1  The  human  operator  uses  motion  to  generate  additional  lead  at  high  fre- 
quLcles.  which  permits  an  increase  in  pilot  gain  and  therefore  an  in¬ 
crease  in  the  gain  crossover  frequency  of  the  man-machine  system. 

2  Greatest  percentage  reduction  in  rms  error  scores  with  motion  is 
achieved  for  systems  that  respond  to  inputs  above  3  rad/sec.  That  is, 
improvement  is  greater  for  low-order  than  for  high-order  systems. 

3.  Motion  is  used  to  greatest  advantage  in  marginally  stable  or  unstable 
systems • 

Stapleford  et  al  (3)  also  found  that  high-frequency  phase  lag  decreased 
and  gain  «ossover  frequency  increased  when  motion  cues  were  present; 
more  these  effects  generally  decreased  as  the  vehicle  dynamics  increased  in 
dif^lcX.  In  contradiction  to  Shirley  they  found  that,  on  the  ^verage  the 
effects  of  motion  cues  on  error  score  increased  for  increasing  vehicle  diff 

culty. 

Because  the  effect  of  motion  simulation  on  tracking  performance  is  highly 
dependent  rtie  details  of  the  tracking  task,  generalizations  of  the  type  re- 

:Sled  exrerlS”Iuy.  Ihwrvfor.,  an  .Uern.blvv  phllv»phy  h.,  ba»  su|g.st- 
A  nai-r-fAllv  exulored I  namely,  to  account  for  the  pilot  s  use  of  motion 

cues  by^ including  additional  sensory  feedback  paths  in  the  pilot  ^ 

Given  a  model  stLcture  that  allows  one  to  predict  the  influence  of  these  feed¬ 
backs  on  pilot  response  as  a  function  of  task  parameters,  one  may  then  extend 
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experimental  results  to  a  variety  of  control  situations.  The  "optimal-control" 
pilot  model  developed  by  BBN  appears  to  contain  the  desired  structure,  and 
application  of  this  model  to  the  AMRL  roll-axis  study  is  reviewed  in  this 
paper. 


EXPERIMENTAL  PROCEDURES 


The  experimental  data  analyzed  by  BBN  were  only  a  portion  of  the  data 
obtained  in  a  larger  study  of  the  pilot's  use  of  visual  and  motion  cues  in  man¬ 
ual  control  tasks;  we  review  below  those  aspects  of  the  experimental  program 
that  pertain  to  the  analysis  performed  by  BBN. 

Description  of  the  Tracking  Task 

The  tracking  task  was  mechanized  similarly  to  that  used  in  a  previous 
study  (6).  Briefly,  the  closed-loop  roll-axis  motion  simulator  consisted  of 
a  drive  system,  aircraft  seat,  central  visual  display,  and  motion  controls. 

The  rotating  system  dynamics  were  identified  and  simulated  on  a  hybrid  com¬ 
puter,  A  block  diagram  of  the  resulting  system  is  shown  in  Figure  1.  The 
task  was  to  follow  a  target  aircraft  in  the  roll  axis.  The  difference  between 
the  target  roll  angle  and  the  controlled  plant  position  was  provided  to  the 
human  operator  on  a  television  monitor  in  the  format  shown  in  Figure  2.  The 
angle  between  the  rotating  and  stationary  lines,  e,  depicted  the  difference 
between  the  controlled  plant  roll  angle  and  the  target  roll  angle. 

Plant  Dyanmics 

Data  were  obtained  for  two  sets  of  plant  dynamics.  "Task  1"  used  a 
olant  that  had  approximate  second-order  response  characteristics  over  much  of 
the  measurement  bandwidth,  whereas  "Task  2"  employed  dynamics  that  were  approx« 
imately  third-order.  Previous  experimental  results  indicated  that  performance 
on  Task  1  would  be  relatively  unaffected  by  the  presence  of  motion  cues,  while 
the  presence  of  motion  cues  would  appreciably  enhance  performance  on  Task  2. 
These  two  tasks  were  explored  to  provide  a  check  on  the  consistency  of  the 
model  developed  to  account  for  the  pilot's  use  of  motion  cues. 

Because  of  the  complex  dynamics  and  nonlinearities  of  the  rotating  mach¬ 
inery,  the  plant  dynamics  did  not  conform  exactly  to  the  desired  theoretical 
response  behavior.  In  order  to  minimize  difference  in  plant  dynamics  between 
the  motion  and  static  (i.e.,  fixed-base)  conditions,  an  effort  was  made  to 
simulate  the  rotating  dynamics  in  the  static  cases. 

Figure  3  shows  the  transfer  functions  of  the  two  plants  as  derived  from 
the  experimental  data, along  with  analytic  ("model")  fits  to  these  transfers. 
Plant  dynamics  for  corresponding  static  and  motion  conditions  are  nearly 
identical  over  most  of  the  measurement  range,  but  differences  appear  at  the 
highest  frequencies.  As  these  frequencies  are  well  above  the  gain  crossover 
frequency  of  the  combined  man-machine  system,  differences  between  static  and 
motion  plant  dynamics  were  expected  to  have  little  effect  on  pilot  behavior 
and  system  performance. 
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Figure  1.  Block  Diagram  of  Tracking  Task. 


Figure  2.  Sketch  of  Tracking  Display. 


FREQUENCY  (RAD/SEC) 


Figure  3 


Frecmency  Response  of  the  Controlled  Plants 
O  dB  represents  1  degree  of  roll  angle  per 
rtf  rtontrol  torque 


A  side-mounted  force  stick  was  used  for  all  tracking  runs.  A  comfortable 
st^ck  gain  was  selected  at  the  beginning  of  the  experiment  and  maintained 
throughout  so  that  the  same  stick  gain  was  used  for  all  subjects  for  all  runs. 

Input  Forcing  Function 

The  target  roll  angle  was  driven  by  a  random-appearing  input  signal  that 
consisted  of  12  sine  waves  with  frequencies  and  amplitudes  chosen  to  approxi¬ 
mate  the  power  density  spectrum  of  Gaussian  white  noise  passed  through  a  sec¬ 
ond-order  low-pass  filter  having  a  double  pole.  The  properties  of  the  input 
signal  were  varied  from  one  controlled  plant  to  the  next  so  that  the  subjects 
were  always  provided  with  a  challenging  tracking  task,  but  one  that  did  not 
severely  restrict  the  bandwidth  of  the  pilot’s  response.  Rms  amplitudes  and 
(simulated)  critical  frequencies  for  the  input  signals  were  20  degrees  roll 
angle  and  1.25  rad/sec  for  Task  1,  and  40  degrees  and  0.5  rad/sec  for  Task  2. 

Training  and  Data-Collectlon  Procedures 

The  same  three  subjects  provided  data  for  both  Tasks  1  and  2;  data  from 
a  fourth  subject  was  analyzed  for  Task  2.  All  subjects  were  young,  healthy 
adults  between  the  ages  of  18  and  21  with  previous  tracking  experience  on  the 
simulator  in  both  the  static  and  motion  modes.  Since  this  tracking  experience 
was  not  for  the  plants  explored  in  this  study,  additional  training  was  re- 

quired. 

Training  and  data  collection  were  completed  first  for  Task  1;  tracking 
performance  on  Task  2  was  then  studied.  In  both  phases  of  the  experimental 
study,  the  training  procedure  consisted  of  tracking  in  the  static  and  motion 
modes  until  the  rms  error  scores  appeared  to  reach  asymptotic  levels.  The  sub¬ 
jects  were  provided  their  rms  error  scores  after  each  tracking  trial.  To  main¬ 
tain  subject  motivation,  subjects  were  also  informed  of  each  other  s  perform- 
ance  scores. 

During  both  training  and  data  collection,  each  subject  performed 
tracking  runs  per  dav.  These  consisted  of  two  static  and  two  motion  runs  of 
about  164  seconds  duration.  Each  subject  experienced  two  consecutive  runs  at 
a  time  -  one  static  and  one  motion  -  wi'.h  the  order  randomized.  After  the 
final  subject  in  the  group  accomplished  his  second  run,  the  subjects  complete 
the  session  by  experiencing  two  additional  replicates  of  the  tracking  task  in 
the  same  subject  sequence  as  before.  In  order  to  prevent  the  subjects  from 
1-arning  the  input  waveforms,  a  random  number  generator  was  used  to  vary  the 
phase  relationships  of  the  input  sinusoids  from  one  experimental  trial  to  the 

next. 

EXPERIMENTAL  RESULTS 


Analysis  Procedures 

Variance  scores  were  computed  for  each  experimental  trial  for  the  track¬ 
ing  error,  tracking  error  rate,  plant  position,  plant  rate,  control,  and  con-  ^ 
<-rol  rate.  These  variance  scores  "ere  averaged  across  the  four  rapl*cat^cr.3  Cx 
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a  given  experimental  condition  within  each  subject.  The  square 
of^each  subject  mean  to  yield  an  rms  performance  measure*,  and  the  mean  and 
randard  deviation  of  the  subject  means  pertaining  to  the  same  experimental 
conditiL  weie  then  computed.  In  order  to  test  for  significant  differences  be- 
and  static  conditions,  paltad  «»-'~!Y'ra'trtaSd 

ri?iirfi:o^nrs;ifi:rntir:jro-o“n:ufe;:r^ 

sidered  "significant". 

Analysis  procedures  were  similar  to  those  used  in  previous  studies  of 
1  t.rtn^rnl  n-lO  Fast-Fourier  transform  techniques  allowed  computation 
STuot  drscilbing  kncSis  and  signal  spnctna,  with  the  spectra  being  par-^ 
tltloned  into  Inpnt-corralated  and  remnant-related  components  (where  remnant 
is  defined  as  signal  power  not  linearly  correlated  with  the  input  forcing  func- 
tion)"  The  pilot  describing  function  was  computed  by  dividing  the  Fourier 
J^An^form  of  the  control  response  by  the  transform  of  the  tracking  error.  This 
response  measure,  therefore,  included  response  to  both  visual  and  motion  cues. 

Means  and  standard  deviations  were  computed  for  the  describing  J'l^ction 
amnlitude  ratio  (in  dB)  ,  for  the  describing  function  phase  shift  (in  degrees), 
fo?  speftral  qLntUies  (in  dB) .  Statistics  were  computed  at  each  input 
freauency  in  the  case  of  spectra,  statistics  were  computed  separately  for  in¬ 
put-correlated  and  remnant-related  components.  T-tests  were  performed  on 
paired  differences  of  selected  frequency-response  measures  to  determine  the 
significance  of  motion  cues  on  these  quantities. 

The  input-correlated  spectral  components,  which  were  discrete  spectra  be¬ 
cause  S  th^sum-of-sines  inputs,  were  converted  to  equivalent  continuous-  re- 
quencv  spectral  density  functions  to  be  compatible  with  the 

Kv  the  nilot/vehicle  model.  The  conversion  scheme  is  described  in 
af  Fo^  notationai  cLciseness,  all  power  spectral  density  functions,  whether 
theoretical  or  derived  from  experimental  data,  are  referred  to  in  this  paper 
simply  as  “spectra**, 

RMS  Performance  Scores 

Variables  for  which  rms  performance  scores  were  computed,  their  units, 
and  tZTr  symbolic  notation  are  shown  in  Table  1.  Average  rms  performance 
scores  are  ^own  in  Figure  4,  with  significant  static-motion  dif . erences  in 

dicated  by  the  arrows. 


*More  pr'i^isely,  the  resulting  scores  should  be  termed  "standard  deviation 
scores"  since^the  contributions  of  mean  components,  if  any,  were 
ZZTev:  Jo  avoid  confusion  we  restrict  the  usage  of  the  term  "standard  devia- 
tion**  to  indicate  subject-to-subject  variability. 


901 


Figure  4 
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Table  1 

Tracking  Variables  Analyzed 


Variable 

Symbol 

Units 

Tracking  Error 

e 

degrees 

Tracking  Error  Rate 

& 

degrees/ sec 

Plant  Position 

p 

degrees 

Plant  Rate 

p 

degrees/sec 

Control 

u 

in-lb 

Control  Rate 

0 

in-lb/ sec 

Error  and  control  variables  were  virtually  unchanged  by  the  presence  of 
.-■t  «>iii><5  tn  Task  1.  Only  rms  plant  position  was  significantly  influenced 

^  motion  cues  and  was  about  12%  less  when  motion  was  present.  When  the  thir  - 
oLer  Dlant  (Task  2)  was  controlled,  however,  motior  simulation  allowed  large 
and  sisnificant  reductions  in  rms  tracking  error,  error  rate,  plant  position, 
i  raL  Rms  control  torque  was  essentially  unaffected  by  motion.  Al- 

Sougi  ^ms  consol  rate  increased  by  about  23%  on  the  average  when  motion  was 
simulated,  this  change  was  not  statistically  signiflcan  . 

Frequency  Response 

Fieure  5  shows  average  pilot  frequency-response  behavior.  The  four  sets 
^  ehntm  for  each  tracking  task  are,  from  top  to  bottom,  the  amplitude 

th.  pha,.  shift  o.  th. 

f  «^Mon  the  innut-correlated  component  of  the  spectrum  of  the  pilot  s  con- 
function,  the  inp  remnant-related  component  of  the  control  spectrum.  The 

nre^of  aooarent  "system  noise"  associated  with  the  motion  simulation  in 
prs«S”"SlahC  sstl«tes  of  pilot  to™t  at  tho  lovost  throe  .oas- 
urement  frequencies  shown  in  Figure  5.  Therefore,  estimates  of  remnant  at 
Si  frequencies  are  not  plotted  for  the  Task  2  motion  simulation. 

The  effect  of  motion  cues  on  performance  in  both  tasks  was  to  increase 
lo«-fro,«onov  phase  le^Ue  also  spL- 

f/„“‘°;;prt!^«ta“ed  aaS  i^t-rolh^d  coepooLts  .oro  rodoood  at  ftapueo- 
cles  corresponding  to  gain-crossover  and  lower.  No  significant  changes  o^cu 
red  in  the  Lrrelatcd  power  at  high  frequencies,  whereas  renmant  increased. 
mftion-Sated  changes  in  amplitude  ratio  were  observed  in  the  region  of  gain- 
crossover  for  either  task- 

me  "open-loop"  describing  functions  shown  in  Figure  6  give  a  more  airect 
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(a)  TASK  1 


(b) TASK  2 


Figure  5.  Effect  of  Motion  Cues  on  Average  Pilot  Frequency 

Response 

O  dB  represents  1  in-lb  control  torque  per  degree 
roll  for  the  amplitude  retio  and  1  (in-lb) (red/ 
sec)  for  control  power 


904 


lie  OHM 


AMPLITUDE 

PHASE  SHIFT  (DEG)  RATI0(<I8) 


9i 


indication  of  combined  man-machine  response  capabilities.  The  gain-crossover 
frequency  is  in  the  range  of  1. 5-1.8  rad/sec  and  is  little  affected  by  either 
plant  dynamics  or  by  the  presence  of  motion  cues.  The  phase  margin,  on  the 
other  hand,  is  quite  variable.  Phase  margin  is  about  60-70  degrees  for  Task  1. 
Phase  margin  is  reduced  to  about  40  degrees  for  Task  2  with  motion  simulation 
and  to  about  20  degrees  for  Task  2  in  the  static  mode.  Apparently,  the  in¬ 
crease  in  phase  margin,  combined  with  the  reduction  in  controller  remnant  at 
frequencies  below  crossover,  account  for  the  reduced  error  score  in  the  Task  2 
motion  simulation. 

Comparison  with  Previous  Experimental  Results 

The  experimental  results  presented  here  appear  to  conflict  with  the  find¬ 
ings  of  others  regarding  the  effects  of  motion  cues  on  tracking  performance. 
Both  Shirley  (4)  and  Stapleford  et  al  (3)  concluded  that  the  addition  of  motion 
cues  allows  the  pilot  to  generate  greater  lead  at  high  frequencies,  thereby 
permitting  an  increase  in  gain-crossover  frequency.  Furthermore,  Shirley  con¬ 
cluded  that  motion  cues  were  relatively  more  beneficial  for  tracking  tasks  in¬ 
volving  low-order  plants  than  for  those  involving  high-order  dynamics.  On  the 
contrary,  the  results  presented  above  show  that  motion  cues  result  in  more 
high-frequency  phase  lag  (rather  than  lead),  no  appreciable  change  in  gain 
crossover,  and  greater  relative  improvement  with  the  higher-order  plant. 

These  apparent  contradictions  do  not  necessarily  indicate  that  the  AMRL 
experimental  subjects  used  motion  cues  in  a  manner  different  from  the  subjects 
who  participated  in  the  studies  of  Shirley  and  of  Stapleford  et  al.  There 
were  some  important  differences  between  the  AMRL  experiments  and  the  earlier 
studies.  Both  Shirley  and  Stapleford  et  al  applied  the  input  disturbance  in 
such  a  manner  that  both  the  visual  display  and  the  motion  simulator  were  driven 
by  the  input.  (That  is,  the  input  was  applied  essentially  in  parallel  with 
the  pilot’s  control.)  In  the  AMRL/ BBN  study,  the  input  was  purely  a  command 
signal;  the  plant  was  driven  only  by  the  subject’s  control  input.  Thus,  in 
the  latter  study,  motion  cues  provided  direct  perceptions  of  vehicle  response 
behavior;  this  was  not  the  case  in  the  earlier  studies.  In  addition,  the 
dynamics  used  in  Task  2  of  the  AMRL/BBN  study  were  higher  order  than  those  ex¬ 
plored  in  the  previous  studies. 

Because  of  the  strong  interaction  between  pilot  response  behavior  and 
task  parameters,  we  cannot  tell  from  experimental  data  alone  whether  or  not 
subjects  participating  in  two  different  experiments  obeyed  the  same  set  of 
rules  with  regard  to  the  use  of  motion  cues.  A  model  is  needed  to  account  both 
for  the  limitations  inherent  in  the  human’s  use  of  perceptual  information  and 
for  the  interaction  between  task  parameters  and  human  response.  Given  this 
model,  we  can  then  try  to  find  a  consistent  set  of  rules  for  selecting  pilot- 
related  parameters  that  accounts  for  the  use  of  motion  cues  across  a  variety 
of  task  conditions. 

The  results  of  model  analysis  applied  to  the  AMRL  experimental  data  are 
described  below. 
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MODEL  ANALYSIS 


Model  Structure 

The  model  applied  to  the  foregoing  experimental  results  was  a  modified 
version  of  the  "optimal-control'*  pilot/vehicle  model  that  has  been  applied  in 
numerous  previous  studies  of  manual  control  (11-18).  The  modification  to  the 
model  described  in  the  literature  consisted  of  the  following  revised  treatment 
of  motor-related  sources  of  pilot  remnant:  (1)  **motor  noise"  was  treated  as 
a  wide-band  noise  process  added  to  control  rate,  rather  than  to  commanded  con¬ 
trol,  and  (2)  the  concept  of  "pseudo"  motor  noise  was  introduced  to  allow  a 
differentiation  between  the  actual  noise  driving  the  system  ("driving**  motor 
noise)  and  the  pilot's  internal  model  of  this  noise  (the  **pseudo"  noise).  No 
modifications  were  made  to  the  model  structure  specifically  to  treat  the  pi¬ 
lot's  use  of  motion  cues. 

Injecting  motor  noise  to  control  rate  allowed  the  model  to  reproduce  the 
low-frequency  "phase  droop"  exhibited  by  most  pilot  describing  functions.  Al¬ 
though  tracking  performance  is  generally  little  affected  by  low-frequency 
phase  response,  it  was  necessary  to  obtain  an  accurate  model  of  this  aspect  of 
controller  behavior  because  of  the  importance  of  low-frequency  phase  character¬ 
istics  on  performance  in  the  AMRL/BBN  roll-axis  tracking  study.  By  introduc¬ 
ing  the  concept  of  pseudo  motor  noise,  we  gained  added  flexibility  in  repre¬ 
senting  pilot  uncertainties  about  his  own  control  behavior  and  about  vehicle 
response.  The  mathematical  implications  of  this  model  revision,  as  well  as 
applications  of  the  revised  model  to  previous  laboratory  tracking  results,  are 
documented  in  Levison,  Baron,  and  Junker  (1). 

The  focus  of  the  modeling  effort  was  to  represent  the  effects  of  motion 
primarily  by  appropriate  definition  of  the  sensory  variables  assumed  to  be 
available  to  the  pilot.  Thus,  static-mode  tracking  was  modeled  with  a  two-ele¬ 
ment  "display"  vector  consisting  of  tracking  error  and  error  rate.  In  the 
case  of  motion  tracking,  the  display  vector  was  augmented  to  include  quanti¬ 
ties  that  would  be  provided  by  the  pilot's  mot ion- sensing  capabilities;  speci¬ 
fically,  plant  position  (i.e.,  roll  angle),  plant  rate,  and  plant  acceleration. 
These  motion-related  variables  were  considered  individually  and  in  combination. 

Because  we  were  dealing  with  steady-state  tracking  signals  of  moderate 
bandwidth,  we  did  not  expect  motion-sensor  dynamics  to  have  an  important  effect 
on  tracking  performance.  Therefore,  sensor  dynamics  were  not  included  in  the 
pilot  model:  informational  quantities  included  in  the  display  vector  were 
assumed  to  be  corrupted  only  by  observation  noise  and  not  by  bandwidth  limita¬ 
tions. 

Identification  Procedure 

The  primary  goal  of  the  model  analysis  was  to  seek  a  consistent  set  of 
rules  for  selecting  pilot-related  model  parameters  that  would  allow  reliable 
predictions  of  the  effects  of  motion  cues  in  ^  variety  of  control  tasks.  A 
second  (and  related)  goal  was  to  determine  the  specific  motion-related  cues 
that  the  subjects  had  used  in  the  AMRL/BBN  experimental  study. 
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The  identification  scheme  employed  in  this  study  was  similar  to  that  used 
by  BBN  in  previous  studies  (7,  9)  and  was  applied  to  reduced  data  rather  than 
to  time  histories.  Parameter  values  were  sought  that  would  simultaneously  pro 
vide  a  good  match  to  performance  scores,  describing  functions,  and  control 
spectra.  A  quantitative  "matching  error  was  defined  as  described  in  (1),  and 
pilot-related  model  parameters  were  selected  to  minimize  this  error. 

A  number  of  iterations  were  required  to  arrive  at  a  set  of  pilot-related 
values  that  would  explain  the  maximum  amount  of  data  with  minimum 
“rSflcL  Il.e^oglcal  (If  not  .ntlt.l,  chronologlonl)  steps  in 

So  UentificnWon  procedure  «ere  as  folioust  (U  analysis  of  previous  labor.- 
torv  tracking  experiments  provided  an  initial  set  of  values  for  pilot-related  ^ 
naramters-  (2)  the  Task  1,  static-mode  data  were  matched  to  determine  modifica 
?ioL  if ’any,  to  these  parameter  values  for  the  roll-axis  tracking  results; 

(3)  the  data  of  Task  2,  both  static  and  motion,  were  matched  to  test  specific 
h;pothLes  concerning  the  use  of  motion  cues;  (4)  the  results  of  Step  3  were 
then  applied  to  the  static  and  motion  data  from  Task  1  to  verify  the  cons 
tency  of  the  treatment  of  motion  cues,  and  (5)  iterations  on  Steps  3  and  4  led 
to  the  final  selection  of  model  parameters. 

Primary  Results  of  the  Model  Analysis 

Parameter  values  identified  from  the  roll-axis  tracking  data  are  given  in 
Table  2.  The  following  considerations  were  involved  in  arriving  at  this  set  of 

parameter  values: 

Coc-^  We  initially  attempted  to  match  experi¬ 

mental' results^with' control-rate  cost  coefficients  corresponding  to  a  motor  time 
constant  of  0.1  seconds,  in  keeping  with  previous  model  applications.  We  found, 
however,  that  weightings  so  chosen  yielded  rms  control-rate  scores  that  were 
much  greater  than  those  observed  experimentally;  accordingly,  weightings  were 
re-adiusted  to  provide  a  better  overall  match  to  the  data.  (Predicted  rms  error 
scores  were  relatively  insensitive  to  the  choice  of  control-rate  cost  coeffi- 

cient.) 

T-^'me  Delay;  A  time  delay  of  0.2  seconds  was  selected  on  the  basis  of 
previous  studies  and  provided  a  good  match  to  the  static  results.  It  was  neces¬ 
sary  to  Increase  the  delay  to  around  0.25  seconds,  however,  to  account  for  the 
greater  high-frequency  phase  shift  observed  in  the  motion  experiments. 

i-'otor  Noise:  Motor  noise  was  neglected  as  a  source  of  direct  input  to  the 

control  system.  Pseudo-motor  noise,  reflecti:  *  the  subject  s  uncertainties 
about  the  system  as  well  as  uncertainty  about  his  own  control  action,  was  ad¬ 
justed  to  match  the  low-frequency  portion  of  the  pilot  s  phase  characteristics. 

Cbsewation  Noise:  An  observation  noise/signal  ratio  of  -20^  dB  was 

adopted  as  the  noise  level  corresponding  to  nominal  full  attention  . 


*  On  the  basis  of  previous  studies,  the  observation  noise/signal  ratio  was  as 
sumed  to  vary  inversely  with  "attention"  (7,  17,  18). 
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Table  2 


Identified  Model  Parameter  Values 


Task  1  Task  2 

Model  Paramter  Static  Motion  Static  Motior 


Control-Rate  Cost  Coefficient 

— 

0.02 

0.0'’ 

0.08 

.01 

Motor  Time  Constant  (sec) 

0.126 

0.130 

.193 

.145 

Time  Delay  (sec) 

0,20 

0.25 

C.20 

0.25 

Driving  Motor  Noise/Signal  Ratio  (dB) 

Negl. 

Negi. 

Negl. 

Negl. 

Pseudo  Motor  Noise/Signal  Ratio  (dB) 

-35 

-35 

-35 

-35 

Observation  Noise/Signal  Ratio  (dB) 

-20 

-20 

-20 

1 

-20 

Attention  to  Error  Displacement 

0.1  1 

0.095 

0.1 

0.07 

Attention  to  Error  Rate 

1.0 

0.95 

1.0 

0.70 

Attention  to  Motion  Variables 

- 

0.05 

- 

0.30 

2 

On  the  basis  of  the  re-examination  of  previous  K/s  tracking  results,  attention 
to  error  displacement  was  assumed  to  be  only  one  tenth  the  attention  to  crroi 
rate  (1).  Thus,  "full  attention"  to  visual  display  variables  was  modeled  by 
observation  noise/ signal  ratios  of  -10  dB  on  error  displacement  and  -20  dB  on 
error  rate.  The  model  parameters  relating  to  attentional  allocation  in  Table 
2  reflect  the  hypothesis  that  attention  must  be  shared  between  visual  variables 
as  a  group  and  motion  variables  as  a  group.  All  motion  cues  (plant  position, 
rate,  and  acceleration)  were  assumed  available,  and  there  was  assumed  to  be  no 
interference  among  these  informational  quantities. 

Model-generated  rms  performance  scores  were  compared  with  experimental 
results  in  Figure  7.  The  left-hand  graphs  show  the  results  for  "displacement" 
(i.e.,  zero  derivative)  variables,  whereas  rate  variables  are  diagrammed  in 
the  right-hand  graphs.  With  nrye>  exception,  model  results  shew  a  near-perfect 
match  to  experimental  scores  for  displacement  variables.  The  match  is  less 
good  for  rate  variables,  but  (again  with  one  exception)  the  model  correctly 
predicts  the  influence  of  motion  cues  on  the  trends  of  the  performance  measures , 
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Comparisons  of  model  and  experimental  frequency-response  curves  pro¬ 

vided  in  Figure  8.  In  general,  model  response  curves  closely  match  experimen¬ 
tal  measures.  Most  importantly,  the  major  effects  of  motion  cues—the  increase 
in  low-frequencv  phase  lead  and  the  reduction  in  pilot  remnant  at  low  frequen- 
cies-are  mimicked  by  the  model,  as  is  the  constancy  of  the  gam-crossover 
frequency  between  static  and  motion  conditions. 

Having  quantified  the  effect  of  motion  cues  on  pilot-related  model  param¬ 
eters  we  can  now  use  the  model  to  extrapolate  the  experimental  results  to 
TitLtions  beyond  those  studied  in  the  laboratory.  A  particularly  useful  ap¬ 
plication  of  the  pilot/vehicle  model  is  to  predict  performance-workload  trade- 
IfTs  Tv,  18),  especially  as  it  is  very  difficult  to  obtain  objective  measures 

of  workload  experimentally. 

Figure  9  shows  predicted  rns  tracking  error  as  a  function  of  attention  to 
the  t>-acking  task,  where  "attention"  is  related  to  the  observation  noise/sig- 
nal  ratio  as  described  in  Section  2.  A  relative  attention  of  unity  corres¬ 
ponded  to  -20  dB  in  this  analysis. 

.Although  not  apparent  from  Figure  9,  attentional  allocation  between  visu¬ 
al  and  motiL  perceptual  variables  was  readjusted  to  achieve  minimum  perform¬ 
ance  cost  at  different  levels  of  overall  attention.  For  both  Task  1  and  Task 
2,  decreasing  overall  attention  required  that  an  increasing  fraction  of  avail¬ 
able  attention  be  devoted  to  motion  variables. 

Motion  cues  affect  the  predicted  tradeoff  curves  differently  for  the  two 
experimental  tasks  explored  in  the  AMRL/BBN  study.  The  dependency  of  ras  er- 
rofon  attention  is  similar  for  Task  2  static  and  motion  conditions,  with  er¬ 
ror  being  consistently  lower  for  the  motion  case.  The  effect  of 
for  Task  1  is  basically  to  reduce  the  sensitivity  of  perfor^nce  to  workload 
at  low  levels  of  workload.  That  is,  perofmrance  is  about  the  same  for  moder¬ 
ate  to  high  workload  levels;  at  low  workload,  motion  cues  apparently  provide 
ft^iizing  information  that  prevents  severe  deterioration  of  performance. 


Discussion  of  Model  Results 

As  we  noted  in  the  discussion  of  experimental  results,  the  AMRL  roll-axis 
experiments  produced  results  different  from  those  observed  in  previous  studies. 
JpecIfiLlly,  gain-cros-over  frequency  remained  virtually  constant,  high-fre- 
ZTnc-  phase  shift  changed  in  the  direction  of  more  lag, 

lead  inLeased,  and  the  benefits  of  motion  cues  were  greater  for  the  high-or 
der  (i.e.,  low-bandwidth)  plant;  most  of  the  Stapleford  et  al  and  Shirley  data 

showed  opposite  trends. 

Except  for  the  greater  high-frequency  phase  lag,  the  effects  of  motion  in 
the  AMRL/BBN  study  are  accounted  for  by  a  straightforward  informtion  analy- 
Tes  The  iLreLe  in  high-frequency  phase  lag  is  modeled  best  by  an  increase 
in  effective  pilot  time  delay.  One  possible  cause  of  the  apparent  increase  in 
delay  is  the  lag  introduced  by  the  dynamics  associated  with  information  proces¬ 
sing  by  the  semi-circular  canals  (19,  20). 
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Figure 


9.  Effect  of  Motion  Cues  on  Predicted  Performance 
-  Workload  Tradeoff. 
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The  time  delay  increase  may  also  be  related  to  limb  motion  induced  by 
simulator  motion.  Recent  studies  of  tracing  in  vibration  environments  have 
shown  that  effective  pilot  delay  increases  under  vibration  conditions  (8,  9). 
Large  increases  in  motor  diving  noise  were  also  associated  with  vibration, 
however;  similar  effects  were  not  observed  in  the  AMRL/BBN  study. 

The  model  results  shown  in  Figures  7  and  8  are  consistent  with  the  hy¬ 
pothesis  that  (a)  the  pilot  obtains  position,  rate,  and  acceleration  cues 
from  the  motion  simulation,  and  (b)  visual  and  motion-related  sensory  informa¬ 
tion  mutually  interfere.  Other  hypotheses  were  also  tested;  in  particular, 
only  rate  information  is  obtained,  and  (b)  there  is  no  interference 
between  visual  and  motion  information.. 

As  documented  in  (1),  these  various  hypotheses  yielded  similar  matching 
error  scores.  Thus,  analysis  did  not  provide  a  clear-cut  choice  of  hypotheses 
concerning  the  use  of  motion  cues  in  the  roll-axis  experiments,  and  some  sub¬ 
jective  judgement  was  re<;uired  to  select  a  modeling  philosphy.  Since  there  is 
a  physiological  basis  for  assuming  that  postion,  rate,  and  acceleration  in¬ 
formation  will  be  provided  in  a  moving  environment  (at  least  in  combination, 
if  not  as  distinctly  separate  sensations) ,  we  adopt  the  more  general  hypothesis 
that  all  these  cues  are  obtained;  we  let  the  model  then  determine  the  extent 
to  which  the  available  cues  will  be  used  in  a  specific  tracking  situation. 

There  is  some  supporting  evidence  to  indicate  that  attention  is  shared 
between  motion  and  visual  cues.  The  attentions  shown  in  Table  2  were  derived 
on  the  basis  of  providing  the  best  quantitative  match  to  the  experimental 
data.  The  model  was  also  used  in  a  purely  predictive  manner  to  find  the  allo¬ 
cation  of  attention  (assuming  interference)  that  would  provide  the  lowest  cost, 
where  "cost"  was  defined  as  a  weighted  sum  of  error  and  control-rate  vari¬ 
ances.  The  attentional  allocation  tnat  yielded  least  cost  was  very  close  to 
the  allocation  that  best  matched  experimental  data. 

As  documented  in  Levison,  Baron,  and  Junker  (1),  additional  model  analy¬ 
sis  was  performed  to  search  for  a  consistent  set  of  rules  for  selecting  con¬ 
trol-related  cost  weightings.  In  the  case  of  the  roll-axis  tasks  discussed  in 
this  paper,  the  subjects  appeared  to  operate  at  a  point  where  the  slope  of  the 
error-vs-control-rate  curve  reaches  a  minimum.  This  finding  suggests  a  notion 
of  physical  workload  that  is  similar  to  the  ideas  of  attentional  workload 
offered  various  researchers  (7,  21);  namely  that  the  pilot  will  operate  in  a 
region  in  which  additional  improvement  in  overall  system  performance  is  off¬ 
set  by  the  additional  cost  of  the  effort  required  (where  "cost"  is  defined  in 
terms  of  pilot  noise/signal  ratios  in  the  case  of  attentional  workload  and 
control  or  control  rate  activity  in  terms  of  physical  workload). 

CONCLUSIONS 

The  principal  results  of  this  study  may  be  summarized  as  follows: 

1.  The  effects  of  motion  cues  on  roll-axis  tracking  performance  obtained 
by  AMRL  can  be  modeled  by  (a)  an  increment  of  0.05  seconds  to  the 
pilot  time  delay,  and  (b)  inclusion  of  sensory  variables  that  are^ 
likely  to  be  provided  by  aotion  sensors  (position,  rate,  aim  accel- 
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eracion  of  the  plant  roll  angle  in  these  experiments).  Modeling  of 
dynamics  associated  with  motion  sensing  is  not  required. 

The  experimental  results  do  not  allow  us  to  determine  whether  motion 
and  visual  cues  are  processed  in  parallel,  or  whether  the  pilot  must 
"share  attention"  between  modalities.  Furthermore,  we  ace  unable  to 
d.«™i*rSrch«  the  pilot  obtelh.  ooly  r.te  Coes  fro.  h  s  «ti<.n 
sensors,  or  whether  he  uses  a  combination  of  position,  rate,  and 
acceleration  cues. 

If  we  assume  thcL  attention  is  shared  between  modalities,  tracking 
performance  is  consistent  with  the  notion  that  attention  is  shared 
onrimallv.  Moreover,  optimal  allocation  of  attention  between  mo- 
Znand  visual  sensory  variables  is  different  for  the  two  control 
systems  explored  in  the  AMRL  study. 

1  Although  tracking  error  is  not  greatly  affected  by  the  selection  of 

a  relative  "cost  coefficient"  on  control-rate  activity,  a  good  match 
to  control  scores  requires  that  this  weighting  be  readjusted  for  the 
two  plants  explored  in  this  study;  furthermore, 
are  found  for  motion  and  static  tracking  for  the  more  difficult 

plant. 

■h  The  results  of  the  AMRL  experiment  are  different  in  certain  respects 
SL  earlier  studies  of  motion-based  tracking.  The  AMRL  study  shows 
that  motion  cues  result  in  an  increase  in  low-frequency  phase  lead, 
an  increase  in  high-frequency  phase  lag,  and  no  important  change  in^ 
gain-crossover  frequency;  whereas  other  studies  have  shown  that  motion 
has  effect  on  low-frequency  phase  lead,  reduces  ..igh-frequency 

phase  lag,  and  allows  an  increase  in  gain-crossover  frequency. 

6  Although  motion  cues  did  not  enhance  tracking  performance  the 

leL  dLficult  plant  explored  in  the  AMRL  study,  model  analysis  pre¬ 
dict  thaJ  motion  will  enhance  performance  on  this  task  if  the  pilot 
i'requirL  to  allocate  a  substantial  fraction  of  his  attention  to 
anothL  task.  That  is,  the  less,  attention  paid  to  the  tracking  task, 
the  greater  the  relative  benefit  of  motion  cues. 

The  results  of  this  study  suggest  a  number  of  areas  for  future  research, 
so.,  o?»hLh  or,  likoly  to  bo  tho  .ubjoct  of  a  £olloo-o„  to  tho  stud,  do.- 
cribed  herein.  Recommended  areas  include: 

1  application  of  the  model  to  tracking  situations  explored  in 
p?Leding  studies  of  motion  cues  to  determine  whether  or  not 
a  consistent  modeling  philosophy  accounts  for  the  use  of  mo¬ 
tion  cues  in  a  variety  of  steady-state  tracking  situati  , 

2.  consideration  of  vestibular  dynamics  in  the  pilot  model, 
specifically  to  determine  whether  or  not  the  apparent  in- 
crease  in  time  delay  can  be  accounted  for  by  the  lags  associ- 
ated  with  vestibular  dynamics; 
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3. 


effects  of  motion  cues  on  performance  in  a  high  workload 
environment ; 

effects  of  motion  cues  in  tracking  tasks  with  transient 
inputs,  especially  in  situations  where  visual/motion  con¬ 
flicts  may  be  important;  and 

a  controlled  study  of  the  effects  of  control  gain  and  sys¬ 
tem  bandwidth  to  help  refine  the  motor  aspects  of  the 
pilot/vehicle  model. 
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THE  INTLUENCE  OF  LOSS  OF  VISUAL  CUES  ON  PILOT  PERFORMANCE  DURING  THE  FINAL 

APPROACH  AND  LANDING  PHASE  OF  A  REMOTELY  PILOTED  VEHICLE  MISSION 

James  C.  Howard 

NAS A- Ames  Research  Center 
Moffett  Field,  California  94035 

SUMMARY 


Remotely  piloted  research  vehicles  (RPRVs)  are  currently  being  flown  from 
fixed-base  control  centers,  and  visual  information  is  supplied  to  the  remote 
pilot  by  a  TV  camera  mounted  in  the  vehicle.  In  these  circumstances,  the  pos¬ 
sibility  of  a  TV  failure  or  an  interruption  in  the  downlink  to  the  pilot  must 
be  considered.  To  determine  the  influence  of  loss  of  TV  information  on  pilot 
performance  during  the  final  approach  and  landing  phase  of  a  mission,  an 
experiment  was  conducted  in  which  pilots  were  asked  to  fly  a  fixed-base  simu¬ 
lation  of  a  Piper  PA- 30  aircraft  with  loss  of  TV  information  occurring  at 
altitudes  of  15.24,  30.48,  and  45.72  m  (50,  100,  and  150  ft).  For  this  experi¬ 
ment,  a  specially  designed  display  configuration  was  presented  to  four  pilots 
in  accordance  with  a  Latin  square  design.  Initial  results  indicate  that 
pilots  could  not  ensure  successful  landings  from  altitudes  exceeding  15.24  m 
(50  ft)  without  the  visual  cues  supplied  by  the  TV  picture. 


INTRODUCTION 


To  facilitate  control  of  remotely  piloted  research  vehicles  (RPRVs), 
visual  information  is  supplied  to  the  remote  pilot  by  a  TV  camera  mounted  in 
the  vehicle  as  shown  in  figures  1  and  2.  Because  of  the  possibility  of  TV 
failure,  an  experiment  was  conducted  to  determine  the  influence  of  loss  of 
visual  cues  on  pilot  performance  during  the  final  approach  and  landing  phase 
of  a  mission.  A  recent  study  (ref.  1)  established  that  the  display  of  state 
variables  shown  in  figure  3,  was  an  effective  configuration  for  RPRV  pilots. 

In  the  configuration  used,  the  basic  display  consisted  of  a  TV  picture  of  the 
terrain  and  runway,  a  horizon  bar,  and  an  aircraft  symbol.  Pilot  opinion  and 
experimental  evidence  indicated  that  pitch  attitude,  glide  slope  information, 
and  a  chevron  combined  with  digital  readouts  of  airspeed,  altitude,  and  verti¬ 
cal  velocity  were  the  most  useful  additions  to  the  basic  display.  The  chevron, 
which  is  a  sensitive  indicator  of  altitude  and  sink  rate,  is  shown  separately 
in  figure  4.  It  enables  the  RPRV  pilot  to  control  these  variables  with  the 
precision  necessary  for  successful  landings.  In  all  simulated  landings,  the 
chevron  appeared  on  a  head-up  display  at  an  altitude  of  30,48  m  (100  ft).  In 
the  present  experiment,  the  TV  picture  was  blacked  out  at  altitudes  of  15.24, 
30.48,  45.72  m  (50,  100,  and  150  ft),  and  pilot  performance  was  measured  as  a 
function  of  loss  of  visual  infomnation. 


918 


remote  control  center 
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Figure  2.-  Avionics  link  used  in  the  NASA 
remotely  pilotid  researcli  vehicle. 


V 


Figure  4,-  Clievron  characteristics. 


EQUIPMENT  AND  METHOD 


Aircraft  Description 

A  Piper  PA- 30  aircraft  was  simulated  for  this  experiment.  Ihis  aircraft 
was  chosen  because  it  is  currently  being  used  at  NASA's  Flight  Researcii  Center 
for  RPKV  flight  test  experimentation.  It  is  a  low-wing  monoplane,  powered  by 
two  Lycoming,  four  cylinder,  aircooled  engines,  each  capable  of  delivering 
160  rat.^d  horsepower.  Figure  5  gives  the  principal  dimensions.  The  airplane 
has  a  wing  span  of  10.97  m  (35.98  ft),  a  wing  area  of  16.34  m^  (178  ft^),  an 
aspect  tatio  of  7.3,  and  a  mean  aerodynamic  chord  of  1.52  m  (5  ft)  (ref.  2). 
The  airplane  has  the  standard  three-control  system.  The  horizontal  tail  is 
the  all-movable  type  with  a  control  deflection  range  of  4"  to  -14®.  The  tail 
has  a  trailing-edge  tab  which  moves  in  the  same  direction  as  the  tail,  with  a 
deflection  ratio  (tab  deflection  to  tail  deflection)  of  1.5.  The  control 
deflection  on  each  ailercn  is  from  14®  to  -18®.  The  rudder  control  deflection 
range  is  ±27®  (ref.  2). 


Simulator  and  Vehicle  Model 

The  Piper  ,FA-20  aircraft  was  simulated  on  a  Systems  E^.^ineering  Labora¬ 
tory;  (SEL)  840  digital  computer.  The  final-approach  model  was  based  on  avail¬ 
able  data  from  FRC's  simulation  model  and  references  2  and  3.  The  model  con¬ 
sisted  of  the  rigid  body,  six-degrees-of- freedom  equations  of  motion  that  are 
perturbation  equations  In  the  stability  axis  system  (ref.  3;.  After  passage 
through  a  digital  to  analog  converter  (DAC) ,  the  output  from  the  SEL  840  com¬ 
puter  was  used  to  drive  a  visual-flight  attachment  via  an  Applied  Dynamics, 
Inc.  (ADI)  256  analog  computer.  The  output  from  the  SEL  840  computer  was  also 
used  to  drive  an  Evans  and  Sutherland  (E  and  S)  LDS-2  display  generator,  which 
was  mounted  in  parallel  with  the  visual- flight  attachment.  The  E  and  S  dis¬ 
play  generator  was  used  to  superimpose  geometric  representations  of  state 
variables  on  the  pictorial  scene  of  terrain  and  runway  generated  by  the 
visual-flight  attachment.  The  visual-flight  attachment  used  in  this  experi¬ 
ment  was  a  General  Precision  Systems  (GPS)  model.  The  essential  components  of 
this  attachment  are  a  servo-driven  television  camera,  an  optical  probe,  and  a 
TV  monitor  (ref.  4).  A  fixed-base  simulator,  consisting  of  a  pilot's  cab 
equipped  with  a  conventional  cockpit  display  and  augmented  with  the  GPS  visual 
scene,  was  used  to  assess  the  importance  of  the  E  and  S  generated  displays  in 
assisting  RPRV  pilots  to  execute  the  final  approach  and  landing  phase  of  a 
mission  without  a  TV  picture  of  the  terrain. 


EXPERIMENTAL  DESIGN 


Ttie  configuration  shown  in  figure  3  was  used  as  a  head-up  display  super¬ 
imposed  on  a  picture  of  the  terrain.  The  nicture  of  the  terrain  ranresents 
the  visual  information  supplied  to  the  RPRV  pilot  by  the  TV  camera  mounted  in 
the  vehicle.  Four  landing  conditions  were  devised,  three  with  loss  of  TV 
information  at  different  altitudes  and  one  with  no  loss  of  TV  information.  The 
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resulting  tasks  were  given  to  four  pilot  subjects  in  accordance  with  a  Latin 
square  design.  If  a  Latin  square  with  four  displays  is  used,  the  error  mean 
square  will  have  only  six  degrees  of  freedom.  To  obtain  an  estimate  of  error 
with  a  larger  number  of  degrees  of  freedom,  the  experiment  was  replicated 
using  eight  Latin  squares.  Each  Latin  square  was  then  treated  as  a  block  in  a 
randomized  block  design,  with  the  square  X  display  sum  of  squares  correspond¬ 
ing  to  the  block  X  treatment  sum  of  squares  in  a  randomized  block  design. 

In  the  applications  to  which  the  Latin  square  has  been  typically  applied 
in  the  fields  of  psychology,  physiology,  and  drug  research,  each  row  of  a 
square  corresponds  to  a  single  subject,  with  the  columns  corresponding  to  suc¬ 
cessive  periods  or  tests.  This  procedure  was  followed  in  the  present  design, 
where  the  element  in  a  given  Latin  square  gives  the  perfortuance  measure 
obtained  during  a  test  run  with  the  corresponding  display. 

Each  pilot  was  instructed  to  execute  final  approaches  and  landings  start¬ 
ing  from  an  initial  distance  of  2743  m  (9000  ft)  from  the  runway  threshold, 
and  an  initial  altitude  of  152  m  (500  ft).  For  each  series  of  runs,  the  Latin 
square  design  assures  that  a  subject  never  encounters  the  same  order  of  pres¬ 
entation  more  than  once,  and  that  the  order  effect,  whether  it  be  practice, 
fatigue,  boredom,  etc.,  is  independent  of  particular  displays. 

During  each  run  the  following  performance  measures  were  taken  for  subse¬ 
quent  statistical  evaluation:  sink  rate  at  touchdown,  root  mean  square  (rms) 
of  sink  rate,  rms  of  stick  activity  during  the  final  30.48  m  (100  ft),  and  rms 
of  distance  from  runway  centerline. 


RESULTS  AND  DISCUSSION 


Sink  Rate  at  Touchdown 

The  influence  of  loss  of  visual  information  on  pilot  performance  may  be 
seen  by  tabulating  the  sink  rate  at  touchdown  for  each  condition.  In  the 
following  matrices  of  performance  measures,  S  denotes  subject,  L  the  Latin 
square,  and  C  the  condition.  Condition  1  is  the  condition  without  loss  of  TV 
visual  information.  Conditions  2,  3,  and  4  represent  loss  of  visual  informa¬ 
tion  at  altitudes  of  15.24,  30.48,  and  45.72  m  (50,  100,  and  150  ft),  respec¬ 
tively.  The  elements  of  the  matrices  are  measures  of  sink  rate  at  touchdown 
in  ft/sec. 


S  =  1 


;  = 

1 

2 

3 

4 

1 

-2.53000 

-1.66400 

-3.07900 

-0.60400 

2 

-1.79900 

-0.78000 

-0.90300 

-0.59100 

3 

-1.95200 

-1.04600 

-1.46200 

-1,76100 

4 

-1.84200 

-0.77900 

-1.21000 

-1.48900 

5 

-1.76500 

-1.82300 

-1.72300 

-1.42900 

6 

-1.86600 

-1.31700 

-0.76700 

-0.95100 

7 

-1.87800 

-1.15200 

^ 1.24300 

-1.26000 

8 

-1.62200 

-1.12800 

-1.11700 

-1.77700 

925 


S  =  2 

C  - 

1 

2 

3 

4 

11 

-4.88000 

-3.35400 

-2.18200 

-1.91900 

2 

-3.50800 

-5.20800 

-7.84600 

-3.66900 

3 

-4.12400 

-0.83700 

-6.55600 

-3.64200 

4 

-4.33100 

-2.65200 

-2.32100 

-2.03900 

5 

-4.00300 

-2.82300 

-1.48300 

-4.64600 

6 

-4,06800 

-1.15800 

-0.79800 

-3.17200 

7 

-2.59000 

-6.17300 

-1.62100 

-4.66800 

8 

-2.93900 

-0.63400 

-0.94100 

-1.78200 

S  =  3 

C  = 

1 

2 

3 

4 

L  =  1 

-0.93200 

-2.91900 

-4.09000 

-2.10800 

2 

-3. 30600 

-1.63500 

-2.52300 

-1.868C0 

3 

-2.82900 

-3.10100 

-1.47900 

-2.75400 

4 

-1.60300 

-2.23200 

-4.27900 

-4.22900 

5 

-1.51800 

-1.40300 

-8.47300 

-1.28400 

6 

-1.20400 

-2.29900 

-1.86800 

-2.54900 

7 

-1.75900 

-0.80800 

-2.06900 

-7.27100 

8 

-1.73000 

-1.15500 

-0.91400 

-0,74700 

S  =  4 
C  = 

1 

2 

3 

4 

L  *  1 

-1.41100 

-3.06000 

-1.01800 

-6.52400 

2 

-3.20000 

-1.19300 

-2.05300 

-3.62200 

3 

-1.52300 

-0.68100 

-5.54500 

-1.67500 

4 

-1.42300 

-1.33100 

-1.14000 

-1.40000 

5 

-0.69000 

-0.69100 

-1.62500 

-2.05400 

6 

-0.37500 

-0.91400 

-3.82400 

-0,71000 

7 

-0.86000 

-1.10300 

-3.37600 

-0,84300 

8 

-1.22400 

-0.83300 . 

-1.84700 

-0.77100 

The  computed  value  of  the  variance  for  the  four  conditions  was  3.24.  An 
error  variance  of  2.08  gave  rise  to  an  F  ratio  of  1.6.  For  a  significance 
level  of  0.05,  the  critical  value  of  F  for  a  condition  variance  with  three 
degrees  of  freedom  and  an  error  variance  with  nine  degrees  of  freedom  is  3.86, 
and  it  is  evident  that  the  experimental  value  is  not  statistically  significant. 


rms  Values  of  Sink  Rate 

To  assess  the  influence  of  loss  of  visual  information  on  pilot  perfor¬ 
mance,  as  measured  by  rms  values  of  sink  rate,  this  parameter  was  computed 
during  the  final  30.48  m  (100  ft)  of  altitude.  The  mean  rms  value  of  sink 
rate  for  all  subjects  and  all  error  conditions  was  1.9  m/s  (6.24  ft/sec).  As 
in  the  case  of  sink  rate  at  touchdown,  the  rms  values  of  sink  rate  were  tabu¬ 
lated  for  each  landing  condition  and  are  presented  in  the  matrices  below.  The 
elements  of  the  following  matrices  are  rms  values  of  sink  rate,  calculated 
during  the  final  30.48  m  (100  ft)  of  altitude. 
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X 


s  =  1 


c  = 

L  =  1 

2 

3 

4 

5 

6 

7 

8 

1 

5.52900 

5.56400 

5.52200 

5.85000 

6.30900 

5.89200 

6.10300 

6.71100 

2 

6.32900 

4.65300 

4.85200 

6.25700 

5.75800 

5.90300 

6.32100 

5.73100 

3 

4.66000 

5.61100 

5.14200 

5.50800 

5.00800 

5.73000 

6.02800 

6.58100 

4 

5.02100 

5.42800 

5.20800 

5.07500 

5.81200 

5.88900 

5.81700 

5.92200 

8  =  2 

C  = 

1 

2 

T 

4 

L  =  1 

5.38800 

5.90100 

7.59300 

6.86600 

2 

5.26900 

7.20300 

27.47600 

6.28000 

3 

7.38000 

7.14700 

8.69200 

7.33400 

4 

7.09000 

6.57400 

8.50800 

6.22200 

5 

6.77900 

8.47500 

6.82600 

7.48000 

6 

7.33600 

5.90700 

9,12400 

7.02900 

7 

6.17800 

9.79200 

7.37500 

7.b6600 

8 

6.96200 

6.48700 

7.98700 

8.24400 

S  =  3 

C  = 

1 

2 

3 

4 

L  =  1 

6.51300 

5.82200 

5.65900 

6.41800 

2 

4.60200 

6.44900 

3.76G00 

4,04800 

3 

5.70600 

4.20300 

4.45500 

5.57700 

4 

4.87800 

4.55400 

3.93900 

5.33500 

5 

4.92600 

5.88200 

5.28100 

5.54900 

6 

>+ ,  7ob00 

3.30900 

4. 775CO 

4.31300 

7 

5.31400 

5.06000 

4.47300 

4.56700 

8 

4.58700 

5.03800 

6.20800 

4.09100 

S  =  4 

C  = 

1 

2 

3 

4 

L  =  1 

5.25900 

6.20000 

7.01000 

9.07200 

2 

5. 32100 

6.21400 

6.41900 

7.65600 

3 

5.43000 

6.67900 

8.15900 

6.30600 

4 

5.05000 

5.47300 

5.74400 

5.41900 

5 

5.59300 

5.31500 

6.37900 

6.59300 

6 

6.14500 

7.49800 

8.18100 

6.68200 

7 

5.13300 

6.03400 

7.37300 

6.67900 

8 

5.11000 

6.18800 

7.69200 

5.84000 

The  computed  value  of  the  variance  for  the  four  landing  conditions  was 
8, 71.  An  error  variance  of  7.2  gave  rise  to  an  F  ratio  of  1.21.  For  a  sig¬ 
nificance  level  of  0.05,  the  critical  value  of  F  for  a  condition  variance  with 
three  degrees  of  freedom  and  an  error  variance  with  nine  degrees  of  freedom  is 
3.86.  It  is  evident  that  the  experimental  value  obtained  on  the  basis  of  rms 
values  of  sink  rate  measures  is  not  statistically  significant. 


927 


rms  Values  of  Stick  Activity 


In  order  to  determine  the  influence  of  loss  of  visual  cues  on  pilot  work 
load,  as  measured  by  rms  values  of  stick  activity,  this  parameter  was  measured 
during  the  final  30.48  lu  (100  ft)  of  altitude.  The  mean  rms  value  of  stick 
activity  for  all  subjects  and  all  conditions  was  0.39  in. 


As  in  the  case  of  sink  rates,  the  rms  values  of  stick  activity  were  tabu¬ 
lated  for  each  condition.  In  the  matrices  of  performance  measures,  the  same 
notation  applies  here  as  in  the  preceding  two  cases,  and  the  range  of  condi¬ 
tions  is  the  same.  The  elements  of  the  following  matrices  are  rms  values  of 
stick  activity  measured  during  the  final  30.48  m  (100  ft)  of  altitude. 


S  *  1 
c  * 

1 

2 

3 

4 

5 

6 

7 

8 

1 

0.14900 

0.15600 

0.13800 

0.13100 

0.12000 

0.11500 

0.12700 

0.10500 

2 

0.14800 

0.26600 

0.19400 

0.14300 

0.14900 

0.16100 

0.12200 

0.14200 

3 

0.29300 

0.18800 

0.18100 

0.16300 

0.17600 

0.13100 

0.12500 

0.12600 

4 

0.19400 

0.14900 

0.15600 

0.18400 

0.16600 

0.12500 

0.13100 

0.15300 

S  =  2 

C  = 

1 

2 

3 

4 

1 

0.31300 

0.21000 

0.15400 

0.36600 

2 

0.21100 

0.40200 

0.10100 

0.21800 

3 

0.21400 

0.17100 

0.34700 

0.24700 

4 

0.19900 

0.17400 

0.33300 

0.12800 

5 

0.20500 

0.14100 

0.18800 

0.13700 

6 

0.17700 

0.11800 

0.20200 

0.21400 

7 

0.15400 

0.12600 

0.19300 

0.18500 

8 

0.14300 

0.25200 

0.14000 

0.12000 

S  =  3 

C  = 

1 

2 

3 

4 

1 

0.77900 

0.85000 

1.30300 

1.42800 

2 

0.54900 

1.51500 

1,02500 

1.13900 

3 

0.24500 

1.56500 

0.49000 

0.89100 

4 

0.57600 

1.52000 

1.98700 

0.56300 

5 

0.73900 

1.90900 

1.92800 

0.42200 

6 

0.52000 

0.49300 

0.58400 

1.37900 

7 

0.52200 

0.72300 

0.32500 

2.25800 

8 

0.72600 

0.63500 

0.71600 

1.41000 
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0.23300 

0.23400 

0.20700 

0.23200 

0.18900 

0.19600 

0.25400 

0.21300 


0.21600 

0.17100 

0.25500 

0.20200 

0.22500 

0.14500 

0.23000 

0.17000 


0.17700 

0.15400 

0.11800 

0.17200 

0.29300 

0.11300 

0.10700 

0.10400 


4 

0.21200 

0.15400 

0.21500 

0.20700 

0.15600 

0.14900 

0.13500 

0.18700 


The  computed  value  of  the  variance  of  stick  activity  for  all  ^°nditions 
was  0  15.  An  error  variance  of  0.16  gave  rise  to  an  F  ratiocf  0.97.  As  in 
the  preceding  two  cases,  the  critical  value  of  F  for  a  signiticance  level  of 
O.OS^is  3.86!  It  is  evident  that  the  variation  of  workload  with  loss  of  visual 
cues,  is  not  statistically  significant. 


Lateral  Offset  from  Runway  Centerline 

The  data  obtained  indicate  that  with  the  head-up  display  configuration 
the  absence  of  a  TV  picture  of  the  terrain  made  no  significant  dif^er- 
\n  rhe  oilot*s  ability  to  control  sink  rate.  Moreover,  landing  under 
S  no  ndd«lo„al  .orUoad  oa  tha  pilots.  Hooovot  tho 

SisappLrance  of  the  visual  scene  provided  by  the  TV  camera  impaired  the 
pilot's  Sflity  to  land  on  the  runway.  In  terms  of  distances  from  the  runway 
centerline,  the  performance  data  assumed  the  following  form; _ 


S  = 
C  = 
L  =  1 
2 

3 

4 


-16.19398 

-15.98100 

-11.48700 

0.81300 

2.48700 

-9.32900 

-8.54200 

-0.42100 


39.46399 

-60.21599 

-33.71100 

-18.58699 

5.56700 

-20.62399 

21.83099 

-0.24400 


-90.33099 

30.13300 

26.88399 

-12.41300 

-62.53600 

-157.37900 

-139.63100 

-123.98499 


13.10200 

6.74900 

14.50500 

-99.40199 

-83.31200 

-65.90500 

17.70599 

-108.51999 


S  =  2 
C  = 

L  =  1 
Z 

3 

4 

5 

6 

7 

8 


1 

1.49000 

-1.18900 

12.89300 

22.04599 

2.95300 

5.96100 

5.27100 

-6.56800 


28.60500 

-121.96199 

-35.34799 

2.92600 

-6.29400 

31.53699 

-9.15000 

2.72700 


-136.31799 

-19.43799 

-83.18599 

-67.99300 

-43.64899 

-69.62900 

-133.36800 

-149.36899 


-143.21199 

4.77600 

46.59299 

76.88899 

81.21599 

52.13899 

-69.99599 

-219.23499 
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S  =  3 

C  =  1 

L  =  1  -13.77200 

2  14.23500 

3  8.16900 

4  10.01300 

5  4.97700 

6  14.15400 

7  6.12600 

8  -10.66700 


2 

7.39100 

-3.22000 

-234.73499 

24.25000 

57.75000 

13.89200 

4.43200 

0.91000 


3 

-32.41599 

64.41699 

-19.11499 

-237.16800 

115.48999 

-0.06200 

20.12399 

13.35600 


4 

158.53600 

-77.44899 

-10.81500 

-15.80800 

-22.53899 

-45.82999 

-62.76299 

-46.70200 


S  =  4 

C  =  1 

L  -  1  -26.34999 

2  -33.31799 

3  -10.27100 

4  -8.64900 

5  -13.30500 

6  -11.76900 

7  8.50900 

8  -19.03799 


2 

52.68100 

51.51299 

39.03400 

24.05399 

25.73199 

1.32400 

-27.18500 

-14.80900 


3 

16.80499 

-3.57100 

-11.63700 

45.72299 

75.36400 

-2.29400 

-22.34698 

-15.26000 


•4 

-29.35300 

24.44398 

19.67899 

-4.87100 

19.04199 

23.49399 

-26.70599 

18.64999 


Since  these  data  clearly  indicate  the  influence  of  TV  information  on  the 
Dilot's  ability  to  land  on  the  runway,  there  is  no  need  to  pertonn  an  analysis 
of  variance.  Lwever,  to  facilitate  the  interpretation  of  these  data,  the  rms 
values  of  lateral  offset  from  runway  centerline  in  feet  are  shown  in  the  fol- 


- 

- [ 

Condition 

Subject 

1 

2 

3 

1 

3-08  m 

9.39  m 

29.22  m 

19.80  m 

X 

(10.10  ft) 

(30.82  ft) 

(95.85  ft) 

(64.97  ft) 

I 

7 

3.00  m 

14.49  m 

29.97  m 

32.49  m 

(9.83  ft) 

(47.53  ft) 

(98.33  ft) 

(106.59  ft) 

3.30  m 

26.24  m 

29.66  m 

21.61  m 

(10.82  ft) 

(86.10  ft) 

(97.30  ft) 

(70.91  ft) 

5.64  m 

10.31  m 

10.19  m 

6.68  m 

(18.49  ft) 

(33.82  ft) 

(33.42  ft) 

j  (21.92  ft) 

ine  numoer  uj.  uxmcs  - - 

condition,  is  shown  in  the  following  table. 


Subject 

Condition 

1 

2  1  3 

4 

1 

0 

1  0  i  4 

3 

2 

0 

14 

4 

3 

C 

I  --  1 

1  t 

2 

4 

0 

loll 

0 

930 


I 


1 


CONCLUSIONS 


Statistical  evaluation  of  the  data  obtained  indicates  that  for  the  range 
of  conditions  considered,  there  is  no  significant  difference  in  landing  per¬ 
formance,  as  measured  by  sink  rate,  that  can  be  attributed  to  the  absence  of  a 
TV  picture  of  the  terrain.  Workload,  as  measured  by  stick  activity,  did  not 
increase  significantly  when  the  pilot  was  deprived  of  visual  cues.  However, 
there  appeared  to  be  increased  rudder  activity  as  the  pilot  attempted  to  con¬ 
trol  heading  without  the  visual  scene.  The  sudden  transition  from  visual  to 
instrument  reference  conditions  was  disconcerting  to  the  pilots,  and  when  this 
occurred  at  30.48  m  (100  ft)  or  more,  the  probability  of  drifting  off  the  run¬ 
way  increased,  particularly  if  the  transition  occurred  when  the  localizer 
error  was  large. 
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cjTvnnATION  OF  CONVENTIONAL  AIRCRAFT  APPROACH  AND  LAjpiNG: 

‘  effect  of  withholding  motion  or  instrl'ment  cues 

By  R.V.  Gressang,  Capt,  USAF 
AF  Flight  Dynamics  Laboratory 


SUMMARY 

arrprLeLed.  The  ^ersu^LSng^bas^ 

approach  and  landing  pertormance  of  fixed  base  ^ 

iSe  second  experiment  was  a  simulator.  For  this 

information  frozen  at  their  initial  trim  values,  and 

"rpuJ'hafto  la^d  the  simulator  using  only  visual,  motion,  and  sound 

cues. 

sl.ulau.  ^  a  fo-  rch 

The  first  Sipsrlfsnt 

base  versus  moving  SCAS  system.  In  this  simulator,  the  pilot 

changes  induc«l  by  Instruments,  but  be  had 

ro^e'dSStry  If  the  Scis  oas'off:'  If  instrument  information  mere  denied, 
he  flew  a  lower,  slower  approach. 


introduction 

The  slmuiation  of  aircraft  approaches  »d^l.ndin^ 

trr"rr"e?“rtain5.  rilot/alrerift  syit®.  research  and  e„glneerl„g,^i.-|2, , 
vjstigatian  of  potential  flight  hazar^.  hhl  bnov  hov 

!i!:iariLl:r»l?rrre  r“dh^e  compare  ^ 

St  Sange^his  behavior  in 

SeMl—olllortS'pSot’to  fly  the  si,Jul.tor  without  changing  his 
basic  behavior  pattern  for  the  task  being  simulated. 

,  •  ^v.a^  -ir  is  difficult  to  simulate  landing 

an  aiS:lt“irs"h  ‘-“that  zj*  541 
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.  Which  is  generally  significantly  higher  in  the  simulation  than  it 

touchdo  n,  aircraft.  This  has  been  observed  in  over  fourteen 

different  simulations,  involving  at  least  four  different  aircraft,  both  fixed 
tLe  and  three  degree  of  frg^dcm  moving  base,  and  at  least  frve  different 
types  of  visual  display. 


Exnerimental  investigations  of  the  differences  between  simulator  landing 
performance  and  aircraft  landing  performance  have  not  determined  any  specific 
single  factor  which  contributes  most  of  the  difference  between  emulator  and 
aircraft  performance.  Since  no  single  specific  factor  has  been  related  to 
the  diffe^nce  between  simulator  and  aircraft  performance,  and  since  attain¬ 
ing  maximum  realism  of  cues  in  a  simulator  is  limited  by  necessary  physical 
limitations  (such  as  the  amount  of  travel  allowed  in  motion  drive  systems) 
and  the  economic  law  of  diminishing  returns,  the  objective  of  attaining 
realistic  pilot  behavior  in  landing  simulations  must  be  obtained  by  carefully 
5n?emSninn  the  sensitivity  of  the  pilot’s  performance  to  the  various  cues. 


One  approach  to  attaining  realistic  performance  has  been  to  thoroughly 
familiarize  the  pilot  with  the  simulation,  giving  him  several  hours  of  simu- 
belore  th.  .xpertont  is  st.tpsd  daps  colUccsd.  Jo”*-',  i' 
has  been  objected  that  this  results  in  training  the  pilot  to  fly  the  simula¬ 
te?  as  a  siLlator  rather  than  as  an  aircraft.  An  alternate  approach  is  to 
analyze  what  cues  are  used  by  the  pilot  to  accomplish  the  landing  task,  and 
then  concentrate  on  providing  accurately  only  the  minimum  cues  necessary.  The 
difficulty  with  this  approach  is  that  no  clear  concensus  exists  as  to  what 
cues  are  used  during  landing,  and  what  their  relative  importance  is. 


The  experiments  reported  on  in  this  paper  provide  information  useful  to 
eithei  of  the  above  approaches.  Information  was  obtained  on  how  many  simu¬ 
lation  runs  would  result  in  stabilized  touchdown  sink  rates,  while  the  effect 
of  freezing  the  instruments  (thus  preventing  the  pilot  from  ^y^^g  the  si^- 
lator  using  only  the  instruments)  was  studied.  Similarly,  the  effect  of  the 
limited  motion  cues  available  upon  touchdown  performance  was  studied,  ^en 
the  instruments  were  frozen,  it  was  determined  that  visual  and  limited  motion 
cues  were  sufficient  to  land  the  simulator.  The  pilot  did  succeed  in  landing 
the  simulator  with  sink  races  representative  of  real  aircraft,  but  his 
behavior,  was  slightly  modified  from  what  it  would  have  been  in  a  real  air¬ 
craft. 


description  of  the  simulation 

The  objectives  of  the  experiments  reported  on  in  this  Pf 
investigate  the  effects  of  visual  and  motion  cues  upon  simulated  J 

landings  The  pilot’s  Cask  was  to  execute  a  conventional  Visual  Fl-ght  Rule 
(VFR)  Approach  and  landing,  depending  mainly  upon  the  visual  display  for 
flight  path  guidance.  All  approaches  were  conducted  under  simulated  clear  ai 
daylight  conditions.  Each  experimental  run  began  from  trim  conditions  t 
750  fLt  on  a  three  degree  glide  slope.  The  pilot  used  visual  path  in.orma 
tion  to  fly  a  nominally  three  degree  glide  slope  approach  to  the 
Aate,  and  touch  the  aircraft  down.  The  run  was  terminatea  after  touendown. 
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The  aircraft  used  for  this  simulation  was  modeled  by  six  degree  of  free¬ 
dom  nonlinear  equations  of  motion  on  a  hybrid  computerl^^J .  The  aircraft  was 
a  four  engine  jet  transport  of  approximately  180,000  pounds  gross  weight. 

The  aircraft  had  conventional  aileron,  elevator,  rudder,  and  throttle  controls. 
It  also  had  a  direct  lift  control  obtained  by  using  spoilers,  and  blown  flaps. 
The  blo^vn  flaps  resulted  in  considerable  powered  lift.  Longitudinal  control 
was  accomplished  through  the  direct  lift  control  and  pitch  trim  button,  while 
lateral  control  was  accomplished  using  the  ailerons.  In  normal  configura¬ 
tion  the  aircraft  had  an  extensive  stability  and  control  augmentation  system 
(SCAS).  Certain  runs  were  made  with  the  SCAS  on,  and  other  runs  made  with 
the  unaugmented  aircraft. 

The  instrument  panel  was  organized  in  a  conventional  manner.  No  flight 
director  was  used.  The  cockpit  was  a  C-135  cockpit  that  had  been  modified 
for  research  and  development  use.  It  was  mounted  upon  a  three  degree  of  free¬ 
dom  (roll,  pitch,  heave)  motion  base^^*^!.  Sound  cues  duplicating  four  turbo¬ 
jet  engines  were  generated. 

Visual  cues  simulating  real  world  changes  in  size  and  perspective  with 
respect  to  aircraft  motion  were  produced  using  a  three  dimensional  illumi- 
j^^j^ed  terrain  model  and  television  camera— screen  projection  system.  The 
field  of  view  of  the  screen  was  60  degrees  diagonally.  The  view  was  large 
enough  to  present  a  realistic  scene  through  the  front  windows,  but  there  were 
no  peripheral  cues.  During  an  approach,  the  pilot  saw  a  daylight  rural 
terrain  with  an  airport  complex. 

Turbulence  inputs  were  inserted  into  the  simulation.  These  inputs^ 
corresponded  to  light  turbulence  of  the  Dryden  spectra  of  MIL-F-3785BL-^^ 


description  of  the  experiments 

Two  experiments  were  conducted,  with  the  following  objectives; 

1.  Does  the  motion  system  affect  landing  performance? 

2.  Can  the  simulator  be  landed  as  a  conventional  aircraft  without  the 
use  of  the  cockpit  instruments? 

3.  Can  the  simulator  be  landed  as  a  conventional  aircraft  with 
realistic  values  of  sink  rate  at  touchdown? 

The  first  experiment  was  to  answer  objective  1,  and  was  a  2x2x10 
factorial  experiment.  The  factors  were  motion  system  on  or  off,  SCAS  on  or 
off,  and  replication  (10  replications).  Before  the  experiment  began,  the 
pilot  executed  10  practice  runs.  During  the  experiment,  the  various  condi¬ 
tions  were  presented  to  the  pilot  randomly. 

The  second  experiment  consisted  of  20  simuxated  approaches  and  landings, 
made  with  the  cockpit  instruments  frozen  at  their  initial  trim  values. 

Half  of  these  runs  were  made  with  the  SCAS  cn,  and  half  with  the  SuAS  oii. 
SCAS  on  or  off  was  presented  randomly  to  the  pilot. 
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The  third  objective  was  satisfied  by  recording  the  touchdown  sink 
races  of  all  the  approach  and  landing  runs  that  the  subject  pilot  made. 

On  each  simulation  run,  data  were  collected  both  at  the  instant  of  touch- 
down  and  during  the  approach.  The  data  collected  at  touchdown  consisted  of 
the  instantaneous  values  of  x,  x,  z,  6,  q,  y,  y,  <t>,  <i',  P»  ^nd  v.  During 
the  approach  the  means  and  standard  deviations  of  9,  q,  h  (glide  slope 
deviation  in  feet),  n,  4-,  P,  r,  y  (localizer  deviation  in  feet)  and  B 
were  computed  in  real  time  for  all  points  on  the  approach  lying  between 
500  feet  altitude  and  50  feet  altitude. 

The  subject  pilot  for  these  experiments  was  an  Air  Force  pilot  with 
1700  hours  total  flying  time.  He  was  briefed  on  the  purpose  of  the  experi¬ 
ments,  and  conducted  the  simulated  approaches  and  landings  alone,  without 
the  assistance  of  a  copilot.  He  had  no  tasks  to  perform  in  addition  to 
landing  the  aircraft. 


RESULTS  OF  THE  EXPERIMENTS 

The  data  collected  during  Che  experiments  are  presented  in  Tables  1 
through  4.  Table  1  presents  the  longitudinal  touchdown  data.  Table  2  pre¬ 
sents  the  lateral  touchdow.  data.  Table  3  presents  the  longitudinal  approach 
data,  and  Table  4  presents  Che  lateral  approach  data.  The  classification 
scheme  used  for  the  data  denotes  the  (SCAS,  motion)  combination  as  A, 

(SCAS,  no  motion)  as  B,  (No  SCAS,  motion)  as  C,  (No  SCAS,  no  motion/  as  D, 
(SCAs!  no  instruments)  as  E,  and  (No  SCAS,  no  instruments)  as  F. 

\  complete  statistical  analysis  of  the  data,  using  t  tests,  F  tests, 

M  tests  for  homogenous  variances,  and  analysis  of  variance  can  be  found  in 
reference  12.  The  results  of  this  analysis  are  summarized  in  the  following 
paragraphs. 

The  largest  effects  observed  during  the  experiments  were  due  to  the 
control  system  (SCAS).  The  aircraft  was  more  difficult  to  fly  when  the 
control  system  was  off,  and  this  was  reflected  in  more  scatter  in  the  air¬ 
craft  variables  during  the  approach  and  at  touchdown. 

The  only  effects  observed  due  to  motion  cues  were  a  lesser  tendency 
to  "duck  under"  the  nominal  glide  slope  when  the  motion  was  off  combined 
with  a  tendency  to  land  further  down  the  runway.  However,  the  tendency  to 
land  further  down  the  runway  was  in  conjunction  with  a  similar  lut  more 
prominent  tendency  associated  with  the  control  system  being  off. 

When  the  pilot  was  forced  to  fly  the  simulator  using  only  the  visual 
display,  he  flew  more  slowly  and  had  more  difficulty  in  controlling 
airspeed.  He  "ducked  under"  the  nominal  glide  slope  to  a  greater  extent, 
and  the  control  system  being  off  increased  the  scatter  in  the  aircraft 
variables,  especially  the  lateral  variables.  Despite  these  differences, 
the  pilot  was  able  to  fly  and  land  the  simulator  as  an  aircraft. 

The  lack  of  an  appreciable  effect  due  to  the  motion  system  being  on  or 
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off  is  not  unexoected  for  the  landing  task.  The  standard  deviations  of  p,  q, 
and  r  are  all  of  the  same  magnitude  or  smaller  than  the 
human  sensing  of  these  angular  velocities  so  motion  cues  would  n 
expected  to  be  important  in  the  task  simulated. 

The  data  available  for  studying  whether  the  simulator  can  be  lan^*! 

Aircraft  with  realistic  values  of  sink  rate  at  touchdown  con 
sisSd  values  of  the  sink  rate  at  touchdown  on  128  simulated 
the  same  pilot.  These  128  sink  rate  values  were  listed  chronolopcally , 

for  learning  behavior  and  the  effects  of  changing  experiments,  and 
ifie  as  to^i^various  landing  strategies  used  by  the  pilot.  The  data 
mift  readily  available  concerning  landing  sink  rates  of  actual 
thffom  of  a  nominal  sink  rate,  and  sometimes  a  standard  deviation.  Typical 
values  are  -2  ft/sec  mean  and  a  standard  deviation  or  .5  ft/sec. 

The  mean  and  standard  deviation  of  the  simulation  touchdown  sink  rates 
were  computed  for  groups  of  10  runs,  with  the  division 

i  chronological  basis.  The  exceptions  to  this  were  the  last  two  groups, 

;  hlS  Serfof  7  and  11  runs  respectively,  and  so  divided  because  of  a  change 
In  pilot  strategy.  The  means  and  standard  deviations  for  each  group  are 

given  in  Table  5* 

Examining  the  data  in  Table  5,  a  learning  effect  is  present  throughout 
the  first  40  runs,  and  terminates  in  a  sudden  step  improvement 
ance  about  run  40.  The  duration  of  the  learning  period  agrees  well  t 
Se  d^rln  references  8  and  13.  The  pilofs  performance  then  plateaued 
until  about  run  80,  when  either  a  three-week  layoff  or  changing  experimen 
•  •  in.  the  pilot  having  to  relearn  to  nis  previu.-.s  j.e.e.^ 

proficiency.  The  sink  rate  performance  then  approaches  the  previous  level 
until  run  118. 

The  most  interesting  part  of  the  data  is  the  sudden  decrease  in  sink 
at  Run  '^'^8  as  it  is  associated  with  the  pilot  saying  he 
'hen/el  hll  Lnlin^s^ategy.  The  first  strategy  used  by  the  pilot  involved 
trading  off  longitudinal  touchdown  position  for  sink  rate.  During  the 
aSl  the  pllo?  would  retard  the  throttles  as  would  be  normal  in  an  air- 
crfff!  tL  change  that  resulted  in  the  second  strategy  was  that  tne  pilot 
waited  until  after  touchdown  to  chop  the  throttles.  This  change  resulted 
in  a  mean  and  standard  deviation  of  touchdown  sink  rate  which  compares  very 
well  with  the  values  for  actual  aircraft.  Since  the  only  change  in  the 
Pilot’s  behavior  which  occurred  and  resulted  in  the  agreement  with  actual 
aliflaft  Snk  rates  was  in  the  timing  of  the  throttle  chop,  the  possibility 
is  raised  that  simulator  sink  rate  problems  during  landing  may  be  ” 
either  pilot  difficulty  in  judging  height,  or  due  to  poor  models  of  engin 

thrust  dynamics. 


CONCLUSIOUS 

The  overall  coneTusions  of  these  pjzperlrr.pnts  are  that 
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1.  The  limited  motion  system  used  in  these  experiments  had  minimal 
effect  upon  the  pilot’s  landing  performance. 

2.  The  simulator  can  be  landed  as  a  conventional  aircraft  without 
instrument  cues. 

3.  The  simulator  can  be  landed  as  a  conventional  aircraft  with 
realistic  values  of  sink  rate  at  touchdown  provided  the  pilot  cuts  the 
throttles  after  touchdown. 

4.  Changing  the  aircraft  dynamic  response  has  a  much  greater  effect 
upon  the  pilot’s  landing  performance  than  turning  off  the  motion  system. 
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VARIABLE 


TABLE  1:  LONGITUDINAL  TOUCHDOWN  PARAMETERS 

CONFIGURATION 


A 

B 

C 

D 

E 

F 

X 

Mean  83.02 

191.8/ 

450.86 

902.13 

27.5 

679.2 

Std.  Dev.  556.5 

457.42 

679.92 

999.02 

919.21 

869.44 

X 

Mean  185.44 

187.07 

182.61 

179.79 

169.93 

166.93 

Std.  Dev.  3.37 

6.33 

5.27 

6.36 

19.91 

8.19 

z 

Mean  -4.64 

-4.30 

-5.47 

-5.96 

-5.86 

-5.29 

Std.  Dev.  2.15 

1.90 

2.51 

2.48 

3.99 

1.59 

0 

Mean  4.27 

4.72 

5.88 

5.30 

8.07 

9.10 

Std.  Dev.  .67 

2.39 

2.50 

2.40 

3.89 

1.98 

q 

Mean  *^5 

.50 

1.56 

.79 

.34 

1.58 

Std.  Dev.  .76 

.58 

.84 

2.07 

.82 

1.36 

Table  1: 

Units  are 

ft.,  ft/sec.,  deg.. 

deg/sec. 

TABLE 

2:  LATERAL  TOUCHDOl/N  PARAMETERS 

VARIABLE 

CONFIGURATION 

A 

B 

c 

D 

E 

F 

y 

Mean  15.11 

14.77 

-4.31 

1.94 

15.87 

1.87 

Std.  Dev.  16.22 

21.07 

13.50 

25.08 

26.59 

27.52 

y 

Mean  -.63 

.20 

.85 

1.07 

-.10 

-1.19 

Std.  Dev.  2.86 

4.75 

3.53 

2.99 

1.27 

3.58 

Mean  -^5 

.80 

.47 

1.04 

-.29 

.68 

Std.  Dev.  1.18 

1.62 

3.73 

6.05 

.77 

3.12 

93S 


TABLE  2  (Continued) 
VARIABLE 


CONFIGURATION 


A 

B 

C 

D 

E 

F 

’4^ 

Mean 

89.49 

89.36 

83.94 

88.19 

90.19 

90.06 

Std.  Dev, 

.60 

1.16 

1.59 

2.39 

.95 

1.62 

p 

Mean 

-.43 

1.29 

.78 

-.95 

-.01 

-.30 

Std.  Dev. 

2.15 

1.88 

2.13 

3.25 

1.14 

2.19 

r 

Mean 

0.57 

-.27 

.29 

-.05 

.30 

-.38 

Std.  Dev. 

1.08 

Table 

1.00 

2:  Units 

1.43 

are  ft.. 

1.72 

ft/sec. , 

1.47 

deg. ,  deg/ 

.93 

sec. 

TABLE 

3;  LONGITUDINAL  APPROACH  STATISTICS 

VARIABLE 

CONFIGURATION 

A 

B 

C 

D 

E 

F 

e 

Mean 

1.622 

1.948 

1.555 

2.102 

3.408 

2.652 

Std.  Dev. 

.478 

.502 

.993 

1.077 

1.156 

1.011 

q 

Mean 

-.0035 

-.004 

-.002 

.007 

.039 

-.013 

Std.  Dev. 

.309 

.348 

.866 

.888 

.375 

.727 

h 

Mean 

-24.6 

-14.6 

-27.6 

-13.7 

-34.07 

-29.67 

Std.  Dev. 

9.36 

11.38 

11.77 

13.67 

14.75 

12.95 

a 

Mean 

4.716 

4.880 

4.442 

5.131 

6.581 

5.652 

Std.  Dev. 

.628 

.653 

.936 

.964 

.989 

.819 

Table  3: 

Units  are 

ft.,  deg. 

,  deg/ sec. 

070 


TABLE  4:  UTERAL  APPROACH  STATISTICS 


VARIABLE 

A 

B 

CONFIGURATION 

C  D 

E 

F 

Mean 

.449 

.597 

1.074 

1.096 

.097 

.513 

Std.  Dev. 

1.185 

1.747 

3.387 

3.281 

.830 

4.555 

p 

Mean 

-.031 

.035 

.032 

.018 

-.035 

-.033 

Std.  Dev. 

1.598 

1.814 

2.375 

2.478 

.887 

2.472 

'If 

Mean 

89.525 

88.921 

88.434 

88.392 

90.095 

89.315 

Std.  Dev. 

.992 

1.098 

1.315 

1.527 

.900 

1.381 

r 

Mean 

.044 

.002 

.069 

.013 

.018 

-.005 

Std  Dev. 

.827 

.862 

1.193 

1.243 

.507 

1.042 

y 

Mean 

-4.4 

22.8 

-4.5 

-3.3 

17.9 

17.4 

Std.  Dev. 

27.0 

31.9 

25.4 

19.6 

21.3 

38.1 

3 

Mean 

.394 

.921 

1.476 

1.598 

-.147 

.392 

Std.  Dev. 

1.033 

1.285 

1.846 

1.933 

.686 

2.069 

Table  4;  Units 

are  ft. , 

deg.,  deg/sec 

• 

TABLE  5:  TOUCHDOWN  SINK  RATE  MEANS  AND  STANDARD  DEVIATIONS 
nxiNS  MEAN  z  2  STANDARD  DEVIATION 


1  to  10 

-7.81 

3.18 

11  to  20 

-6.63 

2.16 

21  to  30 

-6.34 

2.37 

31  to  40 

-6.00 

2.31 

41  to  50 

-4.04 

1.37 

51  to  60 

-4.09 

1.97 

61  to  70 

-4.38 

1.59 

71  to  30 

-4.76 

1.75 

81  to  90 

-6.58 

3.67 

91  to  100 

-6.37 

2.59 

101  to  110 

-4.71 

2.39 

111  to  117 

-4.51 

1.15 

118  to  128 

-1.94 

.57 

Table  5: 

Units  are  ft/sec. 
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effects  of  differing  motion  system  drives  on 

SIMULATION  OF  APPROACH  AND  LANDING 

Capt  Joseph  Pollard 
Air  Force  Flight  Dynamics  Laboratory 


SUMMARY 


A  discussion  of  simulator  testing  for  motion  response  is  coupled  with  a 
scientific  experiment  to  determine  the  effects  of  differing  motion  drive 
equations  on  approach  and  landing  of  a  heavy  aircraft.  The  conditions  of  no 
motion  motion  driven  by  linear  combinations  of  rate  and  attitude,  and  motion 
”  i^n’br  accelerations  are  tested  to  detemln.  It  significant  statrs- 

tlcal  differences  enlst  between  systems.  All  other  factors  were  held  con- 
stant  The  simulation  was  performed  at  the  Flight  Control  Development 
LaJor^tory  utilizing  the  Multicrew  Cab.  The  results  of  the  simulation  analy¬ 
sis  are  clearly  shown  to  be  affected  by  the  required  choice  of  motion  drive 
equations  in  simulation  design.  Specific  performance  variables  are  indicated 
as  most  seriously  affected. 


INTRODUCTION 


One  of  the  tasks  most  often  investigated  at  the  Flight  Control  Develop¬ 
ment  Laboratory  is  that  of  landing  including  power  approach  flare,  and 
touchdown.  A  simple  experiment  was  designed  to  the  sensiti^ty 

of  pilot  performance  to  changes  in  the  drive  equations  applied  to  the  limited 
motion  base  simulator.  The  tracking  performance  of  the  pilot  during  power 
approach  was  found  to  be  relatively  insensitive;  however,  the  variations  in 
many  of  the  aircraft  states  at  touchdown  were  found  to  be  statistically 

significant.  [1] 


SYMBOLS 


The  following  symbols  are  used  throughout  this  paper.  The  most 
commonly  used  units  are  given  for  presentation  with  this  paper. 


^y’ 


U,  V,  W 

p,  q.  r 

9 


Aircraft  inertial  earth  axis  accelerations,  ft/sec 

/  2 

Aircraft  body  axis  linear  accelerations,  ft/sec 

2 

Aircraft  body  axis  rotational  accelerations,  deg/sec 
Aircraft  pitch  angle,  deg 
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I 


[ 


p 

q 

r 


9 

o 


g 

s 

a 

F 


Aircraft  roll  angle,  deg 

Aircraft  heading  angle,  deg 

Aircraft  roll  rate,  deg/sec 

Aircraft  pitch  rate,  deg/sec 

Aircraft  yaw  rate,  deg/sec 

Aircraft  nominal  pitch  angle,  trim,  deg 

Offsets  from  aircraft  center  of  gravity  to  the  pilot  s 
station,  ft 

2 

Acceleration  due  to  gravity,  32.2  ft/sec 
Laplace  operator 

Confidence  level  assigned  to  statistical  testing 
A  ratio  of  variances  used  in  statistical  tests 


THE  SIMULATOR 


A  three  degree  of  freedom  motion  base  simulator  with  a  multicrew  cab 
instrumented  as  an  AMST  aircraft  was  used  for  the  experiment.  The  motion 
svstem  is  a  scissors  configuration  utilizing  two  forward  hydraulic  cylinders 
and  one  aft.  The  forward  cylinders  are  identical  and  have  a  stroke  of  +  12 
l^ierwhiU  the  rear  cylinder  has  a  travel  of  ±  18  inches.  Hydraulic  power 
was  supplied  by  a  60  gpm  pumping  system  at  3000  psi.  Each  actuator  was  flow 
limited  to  10  gpm.  The  motion  base  was  programmed  so  that  all  three  cylin- 
devs  provided  hLve  while  the  two  forward  cylinders  were  operated  asymetri- 
callv  to  produce  roll.  The  rear  cylinder  was  operated  alone  to  produce 
pitch.  Figure  1  shows  an  exterior  view  of  the  simulator.  ^  Each  of  the  three 
cylinders  was  also  electrically  and  mechanically  safety  limited. 


The  motion  base  was  instrumented  with  three 
the  pilot's  station  to  measure  a^,  a^,  and  a^. 
were  detected  using  gyros. 


accelerometers  located  at 
The  pitch  rate  and  roll  rate 


A  Redifon  terrain  board  projection  visual  system  was 
visual  cues  to  the  pilot.  The  full  color  projection  is 
Landing  lights  were  provided  to  the  pilot. 


used  to  provide 
48“  X  36“ . 
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THE  AIRCRAFT  SYSTEM  AND  TASK 


An  AMST  similar  aircraft  was  utilized  as  the  system  airframe.  These 
dynamics  were  heavily  and  nonlinear ly  augmented.  The  pilot  was  ^s^d  to 
land  the  aircraft  in  a  conventional  manner  utilizing  a  3  ILS.  A  matrix  of 
Inruns  was  then  accomplished  with  each  of  two  motion  drive  systems  and  no 
mLion  drive  being  the  experimental  factor  tested.  This  matrix  provided 
ten  replications  of  each  motion  condition.  No  other  factors  were  willfully 
changed  Light  turbulence  (4  ft/sec  rms)  was  applied  to  the  aircraft  dyna- 
mics^for  each  run.  Each  approach  took  about  90  seconds  at  120  knots. 
Initial  altitude  was  750'  AGL. 


THE  MOTION  DRIVES 


Drive  system  A  is  depicted  graphically  in  Figure  2.  This  system  was  a 
blend  intended  to  present  angular  and  angular  rate  infomation  to  the  pilot. 
The  heave  axis  was  driven  by  a  blend  of  q  and  h.  All  signals  were  passed 
through  washout  circuits.  For  each  system  component  the  time  constants 
used  are  shown  in  Table  1. 


Washout  Time  Constants  Drive  A 
Pitch  T  =4 

Roll  T  =  2.86 

Heave  T  =4 


Table  1 


Motion  fade  and  cab  leveling  circuits  are  also  included  to  provide  a  means 
of  initializing  the  simulator. 

Drive  Svstera  B  was  designed  to  present  linear  acceleration  data  to 
the  pilot.  Linearized  equations  expressing  these  accelerations  are  given 

by: 

a  ==  u  -  f  +  q  +  sin  e  (i) 

X  y  z 

*  V  -  g^  cos  0^  -  ^^r  - 

a  =  w  +  g9  sin  0^  ^ 

2  o  A 
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For  purposes  of  implementation,  these  were  simplified  to 


a  =  u  +  i  q 

X  2^ 


(4) 


y  X 


(5) 


For  washout  circuits,  a  model  similar  to  that  representing  the  otoliths 
of  the  ear  was  used  since  it  is  assumed  that  they  are  the  primary  means  of 
motion  perception.  A  typical  model  is 


G(s 


'  »  1  \ 


(tj^S+1) 


t2S+l 


(7) 


where  t^  is  large  compared  to  t2  and  tj^. 

Thus  the  model  is  simplified  to  the  washout  plus  filter  given  by: 

1.5s 


Gj^(s) 


(s+1.5)(s+.19) 


(8) 


Due  to  inherent  400  Hz  noise  in  the  hybrid  simulator  the  acceleration  rate 
terms  were  filtered  before  use  by 


G2(s) 


10 

s+10 


(9) 


Further  each  actuator  was 
G^Cs)  = 


determined  to  be  accurately  modeled  by 

2Tr(.4)  ^  2.51 

s+.4(2Tr)  ■  s+2.51 


(10) 


Therefore  a  compensator  of  the  form 

10(s+.251) 
^4^®^  *  (s+2.51) 


(11) 


was  inserted  to  pre-emphasize  each  drive  signal.  Figure  3  shows  a  block 
diagram  of  the  system  called  Drive  B. 
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DATA  COLLECTED 


The  data  collected  can  be  divided  into  two  types:  statistical  and 
discrete  point.  Time  average  statistics  (mean  and  standard  deviation) 
were  computed  from  500’  to  50’  altitude  on  each  run  for  Wg,  v^,  9,  <(),  ilJ,  a^ 

a  ,  a  ,  p,  q,  r  and  glide  slope  error.  These  same  data  were  collected  at 

y  ^ 

discrete  points  along  the  trajectory  including  the  touchdown  point.  Tables 
2,  3,  4  and  5  present  the  mean  and  rms  data  for  the  time  average  statistics. 
As  can  be  seen  there  is  no  statistical  difference  among  these  parameters. 


The  touchdown  parameters,  however,  are  statistically  significantly 
different.  Tables  6  and  7  show  the  raw  and  average  data.  Figure  4  shows 
scatter  plots  for  a  and  <J).  Differences  are  clearly  illustrated.  The 


parameters  a  ,  <1),  a 


p,  q,  and  r  are  statistically  different  between 


Drive  A  and  Drive  B.  No  significant  difference  exists  between  Drive  A  and 

no  motion  but  Drive  B  differs  from  no  motion  in  a  ,  a  ,  <}),  and  r.  The 

y  z 

smaller  dispersions  of  the  data  occur  for  Drive  B.  All  testing  was  done 
for  a  =»  .05  level  of  significance. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Differing  drive  equations  have  been  shown  to  cause  a  statistically 
significant  change  in  touchdown  parameters  in  the  landing  of  an  AMST 
similar  aircraft  utilizing  a  conventional  approach.  No  significant  differ¬ 
ence  was  seen  in  the  power  approach  phase. 

Extreme  caution  should  therefore  be  exercised  in  the  choice  of  drive 
equations  for  use  with  a  limited  motion  base  simulator. 
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-RAW  RMS  APPROACH  DATA 

RMS  500*  -  50*  MOTION  SYSTEM  TEST 
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THRESHOLDS  OF  MOTION  PERCEPTION 

measured  in  a  flight  simulator 

R.J.A.W.  Hosman  and  J.C.  van  der  Vaart 

Delft  University  of  Technology 
Department  of  Aerospace  Engineering 


SL^MMARY 


were  experimentally  ‘^dtarmine  using  sinusoidally  changing  test  signals 

The  thresholds  were  f  =!»"•"  thresholds  of  the  semicircular 

at  a  number  of  frequencie  .  directly  related  to  a  minimum  cupula 

canals  of  the  f  “  uU»“^  “ 

displacement,  if  the  latter  is  ca 

overdamped  torsion  models,  a  similar  direct  relation  for 

thresSSus“f;r^S:i”rEfr^:/rnr:^olith  displacement  could  not  he 
established.  determined  thresholds  for  angular  accelerations  were 

=1^  Jrdi‘g''^uh“r”sir  additional 
tash,':orid'e;aM;  in?r::sed  the  thresholds  for  motion  perception. 


INTRODUCTION 


“rtoesrigftions  are  primarily  related  to  pilot  behaviour,  handling  qualities 

of  aircraft  ani  i.ndling  qualities  is  aimed  at 

Theoretical  tive  pilot  model,  experimental  reseacn  is  done 

^rsup^^Ss  work  on  the  pilot  modelling  and  flight  sirmlation.  especially 

motion  5i®«lation.  knowledge  of  motion  perception  necessary  its 

The  lack  of  ^ J  the  availability  of  a  simulator  with  a 

implementation  in  pil  t  .rom  with  hieh  fidelity  characteristics, 

three  degree  of  fdedom  ~tion  syste.^with^highjidel  ^ 

inspired  "id."*"  ‘“s'daveloped  «  the  Department  of  Mechanical  Engi- 
The  motion  system  was  d eve i ope  application  of  hydrostatic 

neering  under  the  "[uairrs  ^sSts  in  almost  rumble  free 

SuSSrtJi^s!  in  fa^t^^^er  normal  conditions  motion  noise  is  below  the 

^S^:^^Uto^^^Se'’^e^ree^o^  motion  freedom  allow  live  degrees 
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of  freedom  to  be  simulated:  pitching  and  rolling  rotations 

1  •  irt  f-ha  normal  freQuency  range  of  aircraft  simulation  and 

tr^tcis  S%h°  “  by  tilting  thn  titntintnt  at 

specific  ^  ^  general  impression  of  the  simulator  is  given  in  Fig. 

r'Lt°aIl  of  the  m^aL^S^rei  are  summarized  in  the  Appendix.  In  this  paper 
ke  usual  aircraft  frame  of  reference  0XY2  is  used  to  define  motions  of  the 

sinulatoraaSdWell^aStOffthetSubjects^e  thresholds  of  motion  perception 
;:Sn'  n  nJtTh'^  »tl»  pnLnption  nan  to  L  nnalnattb.  U  the 

;:.:atcf;;fgt»  t:i.t«i  to  .otl.n  p.tcaptio„  ptobuna  o, 

.“in™  ;.ntnt.i,g  tb. 

1*  K'li'rv  nf  the  available  vestibular  models  as  well  as  or  the  related 

tS?lsholi  values  in  the  rather  special  case  of  pilot  and  flight 

^•1  Tn  narticular  effects  due  to  the  ditferences  in  laboratory 

envUonment  and  the  working  environment  of  the  flightdeck.  where  a  pilot 

‘"“"'^^FiMlly  i^hlf  to  brcSsiLrTthat'till  now  most  research  on  the 
vestibular  system  was  directed  at  passive  motion  perception  in  contrast  to  the 
pilot  controlled  situation  where  the  motion  perception  plays  part  in  the 

tLlesig^^f  the  experiments  and  in  the  interpretation  of  the  results 

u..  has  baan  ••iat.sbal  .adal".  Ibis  cobcapt  i«plias  that 

human  *  ,,  g  (gg  control  a  human  operator  uses  an  internal  -  or 

if  ^“siStm  “i.  controllad.  At  any  moment  this  internal 
il  rasJ  oi  S  S  “.ceding  iniormaticn  processed  up  to  that  moment. 

S:n‘S;;Sinrii"mi“orp:;™p™oi1n  pnot  .odels  has.d  on  the  inter¬ 
nal  model  e‘:errl“u;  “ft»  alone  hur 

perception  of  motron  pressure,  touch  and  kinesthesia 

IS  also  i’dte'l  ”  ■  visual  cues  on  the  other  hand.  It  is  of  great 

receptors  o  --  ni„a-e  che  influence  of  these  sensors  on  motion  perception 
aS”f  incorporate  all  relevant  motion  related  information  in  pilot  models  and 

“  “SLlrthl‘°aJ;ve  considerations  some  erperiments  vere  p.rf.rm.d  to 
eval„a“  the  sLlator  motion  system  and  to  investigate  the  in.lue.ee  of  Che 
information  processing  on  motion  perception. 
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MOTION  PERCEPTION,  MODELS 


OF  THE  VESTIBULAR  ORGANS  AND  PILOT  BEHAVIOUR 


Motion  and  the  flight  environment 


nf  motion  perception  on  the  behaviour  of  a  pilot  controlling 
The  accepted  as  favourable.  It  has  been  experimentally 

an  aircraft  IS  Sene  y  P  of  "motion"  increases  the  control 

demonstrated,  see  Ref .3,  tP  ^  -difficult"  control 

“Sarcor:r2s«"urnVu«ri;p.«  ,.»ai  co.croi . 

®^''®''u^«r^«‘this  effect  of  motion  cues  on  the  control  task  is  generally 

^  !f  li«le  appears  to  be  exactly  known  about  the  motion  a  human  pilot 

beginning,  been  b  otoliths,  man’s  sensors  of  angular  accele- 

a  ris  e  a  t  tovestig.rlens  crriea  oer  have 

ration  f ^  situations  where  the  experimental  conditions  were 

been  related  extrapolated  to  the  flight  environment.  In 

such  that  results  ^  usually  strapped  to  maintain  a  fixed 

laboratory  experiment  3^^  contrast,  a  pilot  in  a  flight  environment  is 

position  of  head  and  y-  ^  safety  belts  mostly  do  not  restrict  head  and 
free  to  adjust  his  diffeLnce  in  physical  limitations  an  enormous 

dl??erenre”marbe  oLerv^ed  in  the  psychological  conditions  of  a  laboratory 

subject  and  ®  models  of  the  vestibular  system. 

When  studying  the  ^f^^J“J',,%t,,esholds  of  motion  perception  in  _ 

TeLtton  to  ;flot ’modelling  and  aircraft  simulation,  the  above  considerations 

gLfstLtSg  ro'i^aipears  to  consider  the  pilot  as  a  multi-input  multi- 
A  good  starci  S  ^  unknown)  information  processing  of  all 

output  system  with  ^x  concept,  one  can  try  to  evaluate 

sensory  input  information  processing  of  these  signals.  Of  course 

the  influence  of  the  not  be  rejected  or  underestimated 

s“u » ihteg„i  ,«■. th.  ihfo,..no„  pr<,h..s„g  »£ 
all  sensory  inputs. 


Mathematical  models  of  motion  perception 


arc 


Presently  only  models  for  perceptionof 
available.  These  models,  in  which  motion 


motion  by  the  vestibular  system 
sensing  by  other  organs  such  as 
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.  ; e  Tint-  included  are  briefly  discussed  below.  For  a  com* 

pUt^deSHrcion  of  the  vestibular  system  and  its 

is  referred  to  a  number  of  excellent  reviews,  Refs.  5.  7,  8,  9  and  10.  A 

output  signals,  is: 


C(S)  ^  _ ! - - 

a(S)  (S  +  a)  (S  +  b) 


(1) 


where : 


5  »  the  cupula  deflection 
a  **  the  input  angular  acceleration 
a  0, 1  rad/sec 
b  ^5:  10  rad/sec 


In  Fig.  3  the  modulus  and  phase  angle  of  the  above  transfer  function  are 

^^°“?n‘eq.  (1)  the  constants  a  and  b  are  dependent  on  the  mechanical 
1-  ^  nf  t-hp  orcan  such  as  the  moment  of  inertia  of  the  endolymph, 

^h^'^soHne^stiffness  of  the  cupula  and  the  viscous  damping  of  the  endolymph 
in%re  caL  s  Frr experiments  described  in  Refs.  6  and  8  it  is  clear  that 
the  cLff^ients  a  and  b  differ  from  subject  to  subject.  As  a  consequence  the 

^"°''%nfesnga?ILrinJo'thr?erctprioror!pJ;ific  force  have  by  far  not  beer 
as  succesfuii  as  -  :e“S:n;s?-:pring- 

dSor:c°cL:--:mrt:J:;^;,  .o?r exactly  ^  specific  force  sensor.  A  schematic 

Ara^Lpt  ?o  measiS  and^describe  the  dynamic  properties  has  been 
Mei^y!  Zf.  10,  resulting  in  the  revised  otolith  model  of  Young  and  Meiry, 
Ref.  11,  Che  transfer  function  of  which  is: 


Ap(S) _ 1.5 

aTTsT  ”  (S  +  c)  (S  +  eT 


(S  +  0.076) 


(2) 


where: 

Ap  *  perceived  specific  force 
Ai  »  input  specific  force 
c  ::  1 .5  rad/ sec 
e  -  0.19  rad/ sec 

Eq.  (2)  may  be  devided  into  a  part  relating  otolith  displacement  d  and 
specific  force  Aj^: 
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d(S)  , 

A^(S)  (S  +  c)  (S  +  e) 

and  a  neural  processing  term,  relating  perceived  specific  force  Ap  and  otolith 
displacement  d: 


Ap(S) 

d(S) 


(S  +  0.076) 


The  numerical  values  of  the  constants  c  and  e,  dependent  on  the  mass  of  the 
•  .Vio  viscous  damning  due  to  the  endolymph  and  the  supporting 
structure  of  the  otolith  and  the  restraining  spring  forces  of  the  hair  cells, 

TlX  n  rfeasoLblff it'f  experimental  data  to  the  model  according 
to  eq  (2)  is  shown.  Other  researchers,  however,  give  experimental  results 
that\re  not  in  agreement  with  this  model,  see  Refs.  6.  8.  12  and  13. 

Se  ability  of  labyrinthine  defective  (L.D.)  subjects  to  perceive  tilt, 

•  u  j  arruracv  with  respect  to  normal  subjects,  shows  that 

ToZt  pressure  and  kinesthesia  receptors  also  provide  information  on  specific 

^“^“L^iSatiof  thS^motiof  is  possibly  also  perceived  by  the 

internal  organs  is  to  be  found  when  “SLnt  rwonance  peak 

human  body  or  -brations .  .see  ,  „,3onance  . 

wSiS  is  Le’to  ihe  mass,  stiffness  and  damping  of  the  internal  organs  within 

the  ,  ,  different  otolith  model  is  suggested  by  Mayne  in  Ref.  12.  It 

^  i  Sere  that  in  the  vestibular  system  the  sensory  cells  can  be  devided 
intolhSe  groups,  sensitive  to  otolith  displacement,  rate  of  displacement  or 
both.  The  proposed  transfer  function  becomes; 


x^(S) 

o 


^2^ I ^2 


M  *  (S  +  a3j)  (S  +  (^2^ 


This  expression  can  be  visualized  as  describing  both  the  characteristics 
of  a  wnventional  accelerometer  (first  right  hand  term  of  the 
r.f  a  atfferentiating  accelerometer  (second  right  handterm).  Neglecting  ^2' 

»pp.r  break  frequeacy.  »ayn.  suPSasta  tha  foU.aiaq  transfer 

function: 


x^(S) 


^2  ’  S  +  0), 


where: 


»  otolith  displacement 
input  force 

«  24.25  sec^ 


360 


I 


2 

K2  *  15.26  sec 
ojj  *  0.232  rad/sec 

The  difference  between  the  above  presented  models ^  see  Fig.  4^  according 
to  eqs.  (2)  and  (5),  is  that  the  latter  has  a  constant  gain  at  high  fre- 

quencies.  .  ,  /  •  • 

Whether  the  mechanical  properties  of  the  otoliths  (mass,  restraining 
force  and  damping)  are  also  supposed  to  be  accounted  for  in  this  model,  is 

not  quite  clear. 


Thresholds  of  motion  perception,  pilot  models 
and  the  conception  of  an  ” internal  model 


As  already  mentioned  in  the  introduction  the  results  of  measuring  the 
thresholds  of  motion  perception  in  a  three  degree  of  freedom  aircraft 
simulator  will  be  discussed  in  this  paper.  As  will  be  clear  from  the  pre¬ 
ceding  discussion  the  semi-circular  canals  and  the  otolith  organs  behave  as 
dynamic  systems,  usually  described  by  relatively  simple  mathematical 

equations.  ^  ^  j 

It  stands  to  reason  that  neural  signals  from  the  ceils  in  the  cupula  and 

Che  ocolith  are,  in  some  way,  proportional  to  cupula  deflection  and  otolith 
displacement.  These  displacements  are  not  only  dependent  of  the  input  signals 
but  also,  of  course,  of  the  dynamics  of  the  vestibular  organs  as  described  by 
eqs,  (1)  and  (3).  Therefore,  the  procedure  used  by  van  Egmond,  Jongkees  and 
Groen  Refs.  8  and  15,  to  correct  the  experimentally  determined  threshold 
values  in  the  case  of  angular  oscillatory  accelerations  by  reducing  the  thres¬ 
hold  values  to  a  normalized  frequency,  is  essentially  correct.  A  similar 
procedure  is  followed  in  this  paper  by  relating  the  threshold  of  motion 
oerception  to  the  cupula  or  otolith  displacements. 

The  techniques  described  in  Refs.  6,  8,  and  10  to  determine  the  constants 
in  Che  models  according  to  eqs.  (1)  and  (3)  are  partly  based  on  the  deter¬ 
mination  of  the  threshold  values.  In  this  way  there  is  a  danger,  however,  that 
the  importance  if  the  thresholds  is  being  over-emphasized  and  that  numerical 
values  of  thresholds  are  considered  as. absolute.  ^  _ 

It  appears  more  appropriate  to  accept  that  all  neural  signals  and  in 
particular  those  resulting  from  cupula  deflections  or  otolith  displacements, 
are  noisy  signals,  representing  motion  related  measurements,  see  Fig.  7.  Using 
Che  concept  of  an  "internal  model"  as  mentioned  in  the  Introduction,  these 
measurements  can  be  thought  as  serving  to  update  the  estimate  of  the  internal 
model  of  the  state  of  the  system  to  be  controlled.  Stated  in  terms  of  modern 
control  theory,  all  sensory  motion  related  signals  (vestibular,  visual, 
proprioceptive  etc.)  can  thus  be  considered  as  being  used  by  the  human  operator 
to  improve  the  estimate  of  the  state  of  the  system  to  be  controlled. 

Lturning  now  more  specifically  to  the  role  of  the  vestibular  organs,  the 
above  proposed  concept  firstly  enables  the  thresholds  of  perception  to  be 
stated  in  terms  of  measurement  noise:  if  the  sensory  signal  is  weak,  it  cannot 
be  recognized  from  the  background  of  measurement  noise,  see  Fig.  5,  This 
concept  of  thresholds  in  terms  of  unfavourable  signal  to  noise  ratio  has 
already  been  stated  elsewhere  (Ref.  6). 
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C  Hiv  if  Che  concept  of  the  internal  model  is  accepted  it  should  be 
»  fntluenc.'of  ch,  the  t„£o™et«„  pro¬ 

cessing  on  -.he  ‘M-'f^^'tre'fceie  rLTteJn.;  «.del  indeed  etfeers  rh. 

Ther.  IS  evidence  that  the  vestibular  sensing, 

threshold.s  of  motion  perception.  It  is  weu  k  ^ 

as  well  as  in  at^^very  low  level,  but  is  not  able  to  definitely 

slowly  increasing  signal  at  ^  (threshold).  When  next  the 

recognize  it  ^  _an  gtiil  recognize  its  characteristics  far 

signal  is  internal  model  built  during  the  preceding  period 

below  zhis  •  cianal  from  a  background  of  measurement  noise- 

helps  to  .JrLoing,  two  experiments  using  the  motion  simulator,  were 

Based  on  the  f°^®80ing,  ^  to  measure  thresholds  in  terms  of 

designed.  A  ^,3  A  secLd  experiment  was  set  up  to  demonstrate 

;rl«-uth:rhrLhthl“«ar:i  ^hr'pii«r  oS  ch,  processing  of  Che  vesrihoisr 

Chapter  described  these  erp.ri.ents  end  the  results  obtained. 

experiments 

Exoerimenc  I.  The  effect  of  input  signal  frequency 
on  thresholds  of  motion  perception 


1.  ctmie  nf  rhe  vestibular  system  as  described  in  the  pre- 
Based  on  the  ^  threshold  value  on  the  frequency  of 

ceding  Chapter,  ^  .  oerceived  should  be  expected  and  an  experiment 

sinusoidal  thiL  Due  to  the  limitations  of  the  three  degrees 

was  designed  to  demon  ^itrh  roll  and  heave  oscillations  could  be 

Thf rLgroffrequLcies  for  these  modes  of  motion  were  limited  in 
rnS:f  ;fTay:,  L  win  b^e  -e.  in  the  foUowing.^^ 

Firstly  the  noise  nharacte^  ^  rad/sL.  The  naximL  frequency  for  heave  was 
frequency  of  the  heave  mot  roll  and  pitch,  i-e.  14  rad/sec. 

chosen  equal  to  the  maximum  .  frequency  for  roll  and  pitch  was  set 

Further  the  lower  limit  f '"o  produce  pitch  and  roll 
by  Che  fact  that  the  pitch  an^  so  large  as  to  be  recognized  by  the 

accelerations  at  low  ^ue  to  the  change  in  gravity  component. 

rirerrsimpirrelati^in^bhe  case  o^^ 

accele^atioranr Specific  forces,  the  minimum  frequency  for  pitch  and  roll  was 

determined  at  0.6  rad/sec.  rotations  was  determined  bv  the  fact 

Finally  the  maximum  requ  rotation  axes  of  the  simulator 

that  the  subject  s  head  was  n  -  actine  at  the  position  of  the  subject  s 

(see  the  Appendix).  The  frequency  at  14  rad/sec. 

head  due  to  f^e^^^encies  betweem  1  and  14  rad/sec  and  for  the 

For  the  heave  m  icies  between  0.6  and  14  rad/sec  were  chosen. 

* t^rtshrid^alLs  were  obtained  at  each  input  frequency.  The  first 
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one  when  the  amplitude  was  increasing  and  where  the  subject  had  to  correctly 
identify  both  the  mode  (pitch,  roll  or  heave)  and  the  frequency  of  oscillation. 
This  threshold  value  will  be  called  the  upper  threshold  in  this  paper,  ^e 
second,  lower  threshold,  was  defined  as  the  value  measured  when,  with  the 
amplitude  of  the  test  signal  decreasing,  the  subject  was  no  longer  able  to 
follow  the  oscillation.  The  subjects  reported  their  observations  verbally.  An 
examole  of  a  time  history  of  the  test  signal  is  given  in  Fig.  6. 
tIo  preliminary  experiments  were  performed  to  establish  the  technique  used  in 
the  final  experiment.  Especially  the  rates  of  increasing  ana  decreasing  the 
amplitude  of  the  input  signal  showed  to  have  a  significant  influence  an 
consequently  these  rates  had  to  be  chosen  as  low  as  possible.  In  &  ^n 

example  of  the.  time  history  of  the  input  signal  used  to  determine  bo.h  the 

threshold  values  is  shown.  ^  ^  ,  •  .  •  ^ 

Three  subjects,  general  aviation  pilots,  participated  in  the  experiment 

and  three  replications  were  taken.  The  28  combinations  ot  modes  of  motion 
and  frequencies  were  presented  to  the  subjects  in  random  order  in  three  _  _ 

sessions  of  approximately  30  minutes  each  for  each  replication.  The  prelimina  y 
Experiments  were  also  used  to  train  the  subjects.  For  the  final  experiment 
504  threshold  value  measurements  were  made. 


Experiment  II.  The  effect  of  mental  load 
on  the  thresholds  of  motion  perception 


One  of  the  questions  raised  very  often,  see  Refs.  6  and  16,  is  whether 
the  thresholds  for  motion  perception,  as  described  in  the  previous  Chapter, 
are  applicable  in  the  case  of  a  pilot  when  performing  a  task  in  the  aircraft. 

As  this  question  is  very  important  when  designing  wasnout  filters  tor 
simulation  and  when  developing  pilot  models,  an  experiment  was  designed  to 
investigate  the  influence  of  mental  load  on  threshold  values.  To  mentally  load 
the  subjects  two  additional  tasks  were  used.  One  was  a  control  tasx,  incorpora- 
EKg  Either  the  svmmetric  or  -jnmnatric  control  characteristics  of  a  simulated 
twiniet  airliner,  tne  ether  was  an  auditory  binary  cnoice  tasK.  _ 

\ive  theshold  values  under  different  additional  mental  load  conditions 
were  determined  using  an  oscillatory  input  signal  for  either  pitch,  rc  1  or 
heave  with  increasing  amplitude  or  a  ramp  function  for  specific  torce  in 
nr  Y-directions by  tilting  the  simulator. 

During  such  a  test  the  subject  was  asked  to  control  the  s>'mmetric  or  tne 

asymmetric  motions  of  the  simulated  aircraft  and  to 

verbally  report  any  disturbance  caused  by  a  test  signal  in  the  degrees  ^ 
dom  no/involved  in  the  control  task.  The  symmetric  control  task  ^“'^^isted  v. 
maintaining  constant  altitude  by  controlling  the  pitcn  attituae.  In  the 
asymmetric  control  task  constant  heading  was  to  be  maintained  by  controlling 
the  roll  angle.  The  simulated  aircraft  was  disturbed  by  atmospheric  turbulence 

in  choice  task  was  used  at  three  levels,  0,  40  and  80%  of  the 

maximum  the  subjects  could  perform.  This  maximum  was  de.ineu 

cones  Che  subject  could  answer  in  one  minute  ma.xing  net  more  t..an  one  .rror. 

In  Table  1  the  experimental  combinations  used  are  summarized.  In  this 
experiment  four  subjects  participated,  three  el  them  weie  geue.al  avxatiuu 
piLcs,  two  of  whom  also  participated  in  Experiment  I.  The  fourth  was  a  student 
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,U0  =  .  A.  each  axpe.i.aat.l 

of  threshold  values  determine  .  •  288  runs  of  the  additional  tasks 

These  thresholds  were  ®  threshold  values  were  obtained  during 

UscLns  nlbari?  Zs  l  test  signal  »as  prasancad.  This 

one  run,  but  in  a  concentrating  too  much  on  the  determination  of  the 

rasS:irlf;nMaicr:aPai.s.n=iad»d«^ 

motivation. 


Results  of  Experiment  I 


T  r-  e  Q  -  -  10  the  input  related  threshold  values  for  pitch  and  roll 
accele?atiLs  arrplotted  as  a  f^^J^ion^of  lowe^ 

with  Irfgiven^with  iheir  ^ta^dard  deviations.  The  thresholds 

ra;ia"ar:ni^;a:sa  eipb  -nppL-“;,-rrio“pi  tzzzzv:. 

S-piL^roi  sr«™°f«’£a„cii«^n  of  aha  cupula  »pdal  (a,.  (.)).  TUa  slopa 
of  the  louer  ^  “alytls  of  variance  ate  summarized  in 

Pahal^5!  S“uSa;  r;irtS'a  holds  fL  pitch^a.  ^oU 

r.ualf«a'.«‘iv.«d  by  pitch  *.  .all  a,  by  toll  accalarations,  saa  Ftg.  2=. 

The  analysis  of  variance  confirms  i,  ,„bablv  significant. 

The  diffarauca  »•'>••“”  .intttfacStns  of  tL  subjects  .ith  the 

The  differences  between  ^  ^.^^ant  This  is  not  amazing  bearing  in  mind  that, 

°.f  tL“i”it  ttrtr“'adlt|  Chapter;  aach  subject  .ill  have  diff.re.t  vestibular 

'^"Tanrttttctio.  bar  e  in  c^^^^ 

the  difference  in  slope  o  forces  alone  the  vertical  axis  are 

rbrrul;%£rrarfa”lat..danty  Of  the  input 
TattS  thSshtfi  tf  “aguancy  tannot  be  concluded,  saa  also  the  resu.ta  of 

the  analysis  of  lower  thresholds,  however,  is  probably 

The  difference  of  the  upper  an  _  sienificant  differences 

siguiflcaut.  Iha  "“^"‘'‘.'•'""b^S'batuaen  subjects  and  fcaquancy.  Just 

rCtatlutttatrtrutrrtigtificaut  diffatanta  in  slop,  of  tba 

upper  and  lower  threshold  was  found. 


Results  of  Experiment  II 


Tr  the  average  input  related  tuAueaiiOiw  ^ 

conditions  are  given.  A  review  of  the  results  of  the  analyses  of 


uxx  experiCicutai. 

variance  is 
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,  in  Table  4.  The  specific  forces  A^,  Ay  and  Az  show  a  difference  in 

present ^  specific  forces  Ax  and  Ay  a  ramp  signal  had  to  be  used, 

«cS'r.  1lLs<.idal‘signal^»  .  I..8  rad/sac)  «as  aaad. 
mri»P»rral.tad  tbraahold  for  spacific  force  in  the  Z-ditectaon  ts  equal  to 

the  X-  a^  Y-directioos  are  in  accordance  with  Che 

The  I'fgi'er  “  jj  j  ;  assined  that  the  otolith  displace- 

r  “u  :1:  u  r'fir^e  fhresiold  valoe.  The  difference  hefaeen  the  X-  and 
meat  is  d  me  nrhers  have  the  following  reasons. 

'''""V£\u\lT'sn^elts  were  ^uch  more  firmly  fixed  by  the  Pilot’s  chair  in 

:h:el;td”hl“ees irtouch  on  their  back  do.  to  roll  anglea  of  the  si«.lator. 

'''“%icondtrth“^  frU^nl^^’or^he  nacela  relative  to  the  X-axia  for  a  nor™l 

'"^'?Se'maxim^m‘'increfsrorthe  th^eshold'values  due  to  the  mental  loading 

teaks  is  roeghly  Z5  ^p“tu!e'riri"io:ir  increase  for 

Analysis  of  variance,  J  only.  From  the  data  it  appears  that 

the  thresholds  J  *f  i^4‘riS«e.se  in  thresholds  than  the  binary 

^Sa'erra^i  ‘^L'retrarch  is  neHsaary  to  elucidate  the  »ays  in  vhich  diffe- 

choice  tas  .  .  ,  influence  the  subjective  threshold  values. 

rent  sources  o  ,  ►u^gsholds  for  angular  acceleration  show  a  significant 

The  input  differences  for  pitch  and  roll  are  small. 

SndxLurircreade  of  the  threshold  value  is  40  and  80%  for  pitch  and  roll 

respectively.  threshold  values  presented  here  for  the  case 

t  “.Sti'onat“.sk  o lot  :o“;  -d  vith  tha'v.luas  found  in  Txp.ri.ant  1. 

SilriL^  l”at  a  t  S Uan  tha'strong  dapandancy  of  thrasholds  -  ‘i;® 

f  Tadion‘j“t:n"::t”«  ;:"a‘".“?o;?rar,“«i;  raLf.!  ^t^rchl 

^iginJl  rata  oi  inctaasa,  houavat,  thasa  thresoold  ualuas  can  aas.ty  ba 

reproduced.  ,  „,-a2raph  .t  can  be  concludec  that  the  threshold  values 

lor  L“^:r;a;L^;;n  “riS'*.;!  b.  influ.nc.d  by  th.  nantal  load  of  th. 
pilot. 


DISCUSSION' 


r.  -o  be  drawn  from  Che  experiments  described,  'nol-  for  the 

„one  conw..-  forces  as  well  as  for  the  angular  accelerations.  There- 

perception  of  will  be  discussed  first,  to  be  followed 

for  these  more  findings  tha:  are  more  specifically  related  to 

Stha^Tan^ra^Sn/USla^atrafarariona  or  to  th.  parcaption  of  apaci- 


fic  forces. 
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Differences  among  subjects,  the  internal 
model  and  the  influence  of  additional  tasks 


Fro.  E,pori.oar  I,  J 

chiru^minly^a  result  of  differences  among  subjects  as  well  as  interactions 
this  IS  effects.  After  subtraction  of  these 

significant  effects  the  remaining  standard  deviations .^independent^of  subject, 
of  the  mean  values  for  Experiment  I  as  given  in  iigs.  /,  8  an.  9  — 

°’'°Tllsr5atuts°«nno^^bra;cribed  to  experiment  f 

u  1/^  alcn  internreted  as  being  caused  by  the  noise  present  in 
alona  but  should  ^eltiLlat  systcs  themsalves.  Especially  at  thres- 

5oU°Sne  ion  a  the  cu^uSrand  a/threshold  deviations  of  the  otol  th  the 
‘nUvouririrsignal  to  noise  ratio  seriously  affects  the  ».tion  perception 

''iprt’ftordli;eti”cfs‘LSn';ubr.cti'is  iat  as  physical  characteristics 
Of  the  vestibular  systems  are  concerned,  differences  in  judgment  may  also  be 
rirfi-sent  Already  during  the  evaluating  experiment  it  appeared  that  some 
present.  Aire  y  .  ®.  .  zuessing  while  others  refrained  from  reporting 

subjects  wore  .or.  inclined  to  guessing  __  di.inished 

™  rcra:1o::!Mrhy"triinU  but  l?  nevettbeuss  wns  still  present  in  the 

““nSuy‘irstould  he  remarked  that  eh.  subjects  usually  reported  that  they 
^nnQ■  before  they  were  able  to  identify  the  mode  (pitch,  roll  or 
helverand  the  frequency  of  the  test  signal,  which  confirms  the  findings  of 

^®^‘The  results  of  Experiment  I  demonstrate  that  the  threshold  value  is 

decreased  if  the  motion  is  known  and  expected  by  the  subject. 

IhL  is  in  agreement  with  the  idea  that  the  human  operator  is  able,  by  using  an 
•  mnHel  of  the  svstem  to  be  controlled,  to  predict  the  state  of  the^ 

system  In  the  case  of  a  known  sinusoidal  motion  cue  the  subject,  using  this 

iLern;i  model,  only  ^ifeshifrial^ef ^fal^red 

fSr  angiu;  acceLrations  ar.  approximately  two  and  a  half 

threshold  values  and  the  upper  thresholds  for  specific  forces  along  the 

“''ihrresuUs'Sf  Experiment" U^how^rsignificant  influence  of  the  additional 

t  rhr<a<;hold  values  and  this  influence  was  strongest  in  the  case  of 

e-ee,  ^e^  T^ble  4  the  conclusion  from  these  findings  is  that  threshold 

cessing  of  the  vestibular  information:  the  more  attention  the  subject  can 
cessing  _„„rir>n  the  lower  the  threshold  values  will  be. 

*^^^Thrabove°can  be  summakzed  by  concluding  that  using  an  internal  model 
The  aoove  can  oe  s  i„„rnve  the  prediction  of  future  motion  cues  and 

gives  the  ^  II  ^:?relve  ‘Lfe  cues.  A  mental  loading  of  the  p.lot, 

hwSSroppvesses  the  Information  processing  of  the 

threshold  values  will  depend  on  the  total  workload  and  on  the  amount  of 
necessary  information  the  pilot  can  derive  from  the  motion  cues  in  order  to 
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estimate  the  state  o 


f  the  aircraft  with  sufficient  accuracy. 
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The  thresholds  for  angular  accelerations  expressed 
in  terras  of  minimum  perceived  cupula  deflections 


As  already  shown  in  the  preceding  Chapter  the  input  related  threshold 
1  for  ^ular  accelerations  increases  with  frequency  in  such  a  way  that 

yLrchi  accords*  « 

^  ol  JtoU  yi.?d  a  neatly  constant  cupola  deflection  atjthe  thteskold . 

t'2  a  function  of  frequency,  however,  is  only  t  ,  ^ 

meLrs  of  the  transfer  function  of  each  subject  were  knoOT,  which  was  not 
rLp.  in  the  present  experiments.  Therefore  an  approximation  suggested 
the  case  in  p_.._  --e  ogf  15.  was  used.  Between  the  break  frequencies 
by  Jongkees  and  Groen,  see  xer.  lo,  w.ib  ub  _  j  u„. 

of  the  transfer  function  the  modulus  is  approximated  by. 


1 

a.u 


(6) 


Experiment  I  the  maximum  input  frequency  was  j4  rad/sec  which  is  only 

cHohtlv  above  the  generally  used  break  frequency  of  -  =  10  rad/sec  (see  Fig. 

3)  ^allowing  the  approximation  according  to  eq.  (6)  shll  to  be 

3),  allowing  pitch  and  roll.  The  results  are  plotted 

S'  Tt  tl  Se  een  that  the  cupula  deflection  is  not  quite  constant 
in  Fig.  10.  1C  ‘=3“  expected  from  Figs.  7  and  8.  This  may  be 

«dhu4.  used  Co  dec.t.inc  Che  threshold  values. 
rrcaceJ  Sefore'ch;  of  lucrLse  of  Che  inpuc  si*„al  has  a  s.roh*  lu- 

“"ItLny'u  ir:f  »-sf  irc-fciug  co  se.  hov  Che  chreshold  values 

decer.iaedeap.rl..uc.lly^co„pareiUlch«s«Us_^o£oOC^^^^ 

rch^ctaSfeJ  fuLciou  (accordiag  Co  eq.  (6)).  The  chreshold  values  of  an- 
of  the  transfer  tu  ^re  in  fact  those  found  at  very  low  frequencies 

gular  accelerat  gtant  see  Fig.  3,  and  could  be  termed  "cupula  related 

reor^ciraurrtisrv.luls  stould  be  equal  CO  chose  found  by 
fvp:S:euL-uSrg':»p“‘ii^puC  acceleradons.  The  foUouing  cupula  relaced 
thresholds  for  pitch  and  roll  accelerations  are  found. 


Input  acceleration 

Upper  threshold 
(®/sec^) 

Lower  threshold 
(^/sec*) 

roll 

pitch 

0.023  -  0.035 

0.022  -  0.053 

0.0069  -  0.015 

0.0082  -  0.026 

These  values  are  remarkably  below  those  found  by  other  researchers: 
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Input  acceleration 

Authors 

Threshq^ld 

(®/sec^) 

yaw,  sinusoidal, 
corrected 

Jongkees,  Groen, 
1948,  Ref.  13 

. - — - 

0,18  -  2,0 

yav/,  step  input  ’ 

_ 

Meiry,  1965, 

Ref.  8 

0,1  -  0,2 

yaw,  pitch,  roll, 
step  input 

Clark,  Stewart, 
1968,  Ref.  15 

0,06  -  2,24 

The  thresholds  for  specific  forces 


•  .V.  naraeraph  a  certain  minimum  cupula  deflection 

As  shown  in  the  ®  bound  of  the  thresholds  for  angular 

can  be  However,  nor  from  the  literature  nor  from  the  results 

acceleration  fg^ch  a  similar  conclusion  can  be  drawn  with  respect 

of  the  present  input  related  thresholds  in 

r  d  o«;itrmfd:i7f“Meiry  and  Young  (eq.  (3)).  the 

Experiment  I  and  wne  re  threshold  appears  to  decrease 

otolith  displacement  is  (eq.  (5))  the  otolith  displacement 

with  frequency.  Mayne  (Ref.  12),  however,  does  not  specify 

would  be  independent  of  rrequen  y  /,  j  /^q,  (4))  and,  as  shown  in 

the  upper  break  frequency  “2  It  frequencies  larger 

Fig.  4.  the  modulus  f ty  Te  tL  Lse  aL  the  use  It  Mayne's  model 
than  I  rad/sec.  This  can  not  Ltimate  of  U2  were  available, 

would  only  be  justi  le  tnodels  have  tha  sane  modulus,  see  Fig.  4,  and 

are  in  corrrspondencrwitJ  the  higher  threshold  values  found  in  Experiment 
II  for  the  specific  forces  in^the  ;,,,,prion  of  specific 

forces  is  much  f :;:afic  fofce  perception  by  pres- 

models  receptors  should  not  be  excluded.  As  mentioned 

sure,  touch  and  .  subjects  have  thresholds  for  specific  force 

percepti^S^arronly  slightly  higher  than  those  of  normal  subjects  (0, 

mined  do  not  ®fi®3fipn''of  head  and  trunk.  As  already  mentioned  due  to 

pilot’s  chair  without  ^  organs  of  the  body  a  resonance  frequency 

mass  and  “^^^/ser (Ref .  14).  Therefore  the  specific  forces  acting 

rsubjeft-rhlad^couiriilact  hive  been  larger  than  the  specific  forces 

acting  on  the  simulator.  .  ^  conclusion  can  be  drawn.  For  oscillatory 

spect^iffirrr^iL:hrin:rL  approx  o.oas  m/sec2  i^ting  very 

well  with  the  threshold  values  reviewed  in  Ref.  4. 
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Mach 

Jongkees  and  Groen  19-+6 
Meiry 

2 

0. 10  -  0.12  m/sec- 
0.06  -  0.13  m/sec* 

0. 10  m/sec^ 

Present  experiment 

Upper  threshold 

Lower  threshold 

0.07  -  0.03  m/sec2 
0.04  -  0.06  m/sec^ 

For  very  low  frequencies  as  for  instance  a  specific  ^ 

sustained  tilt,  the  threshold  value  is  higher  ranging  from  0.35  0.50 

m/secnepeidi;g  on  the  direction  of  the  specific  force. 


CONCLUSIONS 


Tn  this  oaoer  two  experiments  to  investigate  the  motion  perception  of 
u  in  ?hriircraft  environment  were  described.  The  first  experiment 

the  pil  t  measure  threshold  values  for  motion  perception  as  a 

ing  conclusions  can  be  drawn. 

1  Ti,re<5hold  levels  for  motion  perception  depend  on  the  physical  character- 
u”cr“  tS  vestibular  sysce.  as  u.U  as  on  the  infor^tton  proo.ss.ng 
of  the  motion  related  sensory  signals. 

1.  .s  a  co...,u.no.  rojri^rtbt.iSufrr: 

perceivable  to  fully  perceivable  motions. 

3  A  considerable  improvement  of  motion  perception  can  be  achieved  and  con- 
■  sequently  lower  thresholds  are  obtained  if  a  human  operator  is  able 
tHd^tify  an  internal  model  of  the  motion  to  be  perceived. 

4.  Threshold  values  for  angular  acceleration  are  directly  related  to  a 
minimum  perceivable  cupula  deflection. 

s.  -.-o.as  ior^spbtinc  r::r.nrv:;un:" 

iidepmd'nt  of  ft.,u.ncy  is  .  good  dpprori.atioo  for  .  pilot  in  an  .it- 
craft  environment. 
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APPENDIX 


THE  CHRACTERISTICS  OF  THE  SIMULATOR  MOTION  SYSTEM 


The  three  degree  of  freedom  motion  system  of  the  simulator  has 
three  hydraulic  servo  actuators.  These  actuators,  having  hydrostatic  bearings, 
JJoduce  a  nearly  rumble  free  motion  of  the  simulator.  The  maximum  attainable 
single  degree  of  freedom  performance  is  presented  in  Table  5.  _ 

®  The  Lgular  accelerations  and  the  specific  forces  applied  during  the 
experiments  are  small  in  relation  to  the  maximum  performance  of  the  motion 
system.  As  this  puts  high  demands  on  the  motion  system  with  respect  to  the 
motion  noise,  a  calibration  program  to  determine  the  transrer  functions  be 
tween  motion  system  input  and  output  angular  accelerations  or  specific 
forces  and  to  evaluate  the  motion  noise,  was  carried  out.  ^  r 

For  all  input  signals  of  Experiment  I  the  modulus  ana  pnase  shirt  of  the 
transfer  function  was  measured.  In  addition  the  power  spectral  density  of  the 
motion  noise  was  computed.  It  turned  out  that  due  to  small  differences  in  the 
TnaTlc  characteristics  and  due  to  slightly  different  loading  of  the  servo 
actuators  the  input  signals  also  excite  the  other  two  degrees  or  freedom. 

As  an  example,  the  data  for  the  heave  motion  ate  presented  in  Table  6. 
The  amplitudes  of  the  angular  accelerations  linearly  related  with  tne  input 
heave  signal  are  roughly  one  tenth  of  the  thresholds  for  angular  acceleration 

and  noise  decreases  with  frequency  hence  increases 

with  Che  amplitude  of  servo  actuator  speed.  •  v,  ij  i,„ 

Although  the  standard  deviation  may  appear  rather  large,  it  should  be 
borne  in  mind  that  the  noise  measured  has  a  large  bandwidth  and  moreover 
could  not  be  perceived  by  the  subjects. 

The  noise  of  the  vertical  acceleration  is  small. 

In  Fig.  11  the  position  of  the  test  subject  relative  to  the  rotational 

axes  of  the  simulator  is  given. 
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40  Z 
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Table  la* 


Survey  of  the  experimental  conditions  for  which  the  thres 
holds  are  determined  in  Experiment  II. 

Numbers  are  related  to  Table  U. 


Specif ic 
force 

Ax 

Specif ic 
force 

Az 

A-ngular 

Acc 

Specific 

force 

Ay 

Angular 

Acc 

P 

motion 
test  signal 

ramp- 

function 

sinusoidal 

0)  -1.88 
rad/sec 

sinusoidal 
-  0.9i 
rad /sec 

ramp- 

function 

sinusoidal 

03  *  0.94 
rad /sec 

Table  lb.  Survey  of  test  signals  used  in  Experiment  II 
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Main  effects 
and  interactions 


Input  related  thresholds 
Specific  force  Angular  Acc. 

A  I  I  ^ 


Frequency 

K  Upper  -  Lower 

Subjects 

FS 

KS 

FK 

FKS 

Replicates 


XX 

xxxxx 

xxxxx 


xxxxx  xxxxx 

XX  *** 

XKXX 

xxxxx  xxxxx 

XXXX  X 

xxxxx  xxxxx 


Qt  <  0.05  X 
a  <  0.025  XX 
a  <  0.01  XXX 

a  <  0.005  XXXX 
a  <  0.001  xxxxx 


Table  2.  Survey  of  the  results  of  the  analyses  of  variance 
on  the  results  of  Experiment  I. 


Input  related  threshold 


Specific  force 


Angular  Acc. 


Ax 

m/  sec- 

Ay 

m/sec^ 

m/sec*^ 

"I  9 
°/sec2 

0.57 

0.31 

0.08 

0.85 

0.65 

0.36 

0.08 

0.94 

0.67 

0.37 

0.09 

1.05 

0.71 

0.48 

0.15 

1.07 

0.69 

0.44 

0.15 

1  .07 

0.71 

0.47 

0. 16 

1  .20 

Table  3.  The  threshold  values  resulting  from 
Experiment  II. 

Numbers  are  related  to  table  la. 
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biomechanical  response  and  manual  tracking  performance 

IN  SINUSOIDAL,  SUM-OF-SINES,  AND  RANDOM 

VIBRATION  ENVIRONMENTS* 

By  William  H.  Levison 

Bolt  Beranek  and  Nevnnan  Inc. 

Cambridge,  Massachusetts 

ABSTRACT 


r  1  exoeriments  was  conducted  to  explore  biodynamic 

A  set  of  manual  control  p  „4„,iooidal  sum-of-sines,  and  random 

response  and  experimental  variables  were  vibration 

2-axis  vibration  enviroraents.  r  mary^e  p^^^  gradient.  Biomechanical 
spectrum,  vibration  amplitu  *  .  linear  for  the  vibration  environments 

Kspon..  .cch.uls.s  ,f  stick  tscdthcocsk.  »«• 

explored  in  this  study  •  ““I'  ie„e  studies,  stick  feed- 

independent  of  stick  ,  jnj  eonttol  stick  with  the  higher  spring 

through  was  considerably  greate  vibration  primarily  through 

gradient.  ”“«?!/”:°S”ertre  S  »d’’;[hr»gh  IncrLsed  .»tor- 
an  increase  in  effective  p  results  were  obtained  by  assuming  that 

related  pilot  remnant.  Good  model  results^we^  linearly  with  rms  shoulder 
motor  noise/signal  ratio  and  time  d  ^  defined  and  validated 

acceleration.  A  :^J®®tg“?*^3inglc-sine  vibration/ tracking  experiments 

l:%:S;rrr:iifn%n:Uorhts!‘”Lppi»g  l.  f-t  -eras  direction  .as 
also  validated. 


INTRODUCTION 


AS  technology  continues  to  expand  “::i°e'’;h;IlS‘"'' 

aircraft,  .^^^^.‘‘^''^-^uer^alone  or  in  combination  with  other  stressors, 

enuironments.  envlronisent.  In  order  to  better  understand 

Td  p^eduiTelffccts  of  vibration  on  pilot  performance,  the  Aerospace 


*Thi.  uork  uas  h<>-=-f„7g‘“;;:rderronfrtcrL^^3^ 
P^/ect  Sglneer  for  the  AMEL  experimental  program. 
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Medical  Research  Uboratory  has  undertaken  a  long-term  3*^“**^  ^ 
tracking  in  vibration  environments.  Recent  programs  have  explored  t 
Store  of  biomechanical  response  and  the  interactions  between  tracking, 
vibration  and  control-stick  parameters  [1-4]. 

This  paper  summarizes  the  results  of  a  joint  AMRL/BBN  study  that  builds 
upon  Se  rLults  of  these  programs.  This  study  had  Wo  major  objectives: 

(1)  to  further  define  the  interaction  between  vibration  parameters  and 
tracking  performance,  and  (2)  to  develop  a  mapping  procedure  to  extrapolaf 
among  single-sine,  sum-of-slnes ,  and  random  vibration  environments.  Mor-i 

details  may  be  found  in  [5]. 

One  of  the  difficulties  of  vibration  research  is  that  the  vibration 
environments  of  ultimate  interest  are  not  the  envirotraents  that  are  most 
amenable  to  laboratory  exploration.  A  vibration  environment  encountered  in 
flight  may  well  consist  of  a  component  that  is  continuous  in  frequency  over 
somi  Lnd’^plus  one  or  more  sinusoidal  (or  near-sinusoidal)  components. 
SoraSry  shake  tables,  however,  are  often  constrained  to  generating  sin^ 
soidal  vibration  inputs.  Even  when  random  vibration  is  possible,  sum-of-sine 
(rather  than  continuous-frequency)  inputs  may  be  desired  so  as  to  maximize 
Lcrnal/noise  ratios  and  thereby  maximize  the  measurement  bandwidth.  Thus, 
“capping”)  procedure  lo  needed  so  rPor 
obtained  in  one  type  of  vibration  environment  can  be  used  to  predict  the 
effects  on  performance  of  some  other  environment* 

Because  of  the  ways  in  which  vibration  influences  tracking  behavior,  a 
Simple  wSshtins  function  will  generally  not  be  sufficient  to  extrapolate 
rSSlts  frL  discrete  sinusoid  vibration  environments  to  more  c^lex  envi- 
.•nnmontcs  First  of  all,  a  number  of  biodynamic  response  mechanisms  may  be 
in^r^nlS'rh.  effects  of  vlbretloe  on  trecRieg  perfo^nce. 
With  the  various  mechanisms  having  different  response  . 

<?orondlv  vibratlon-related  performance  degradation  is  largely  not  traceabl 
to  Staple  Iddlttareffeets.  'fecept  for  stick  feedthrough  (““‘J 
accounts  for  a  small  fraction  of  the  tracking  error  variance),  the  effects 
of  Vlhretioh  ere  taelfested  es  Increeses  In 

adverse  changes  to  basic  information-processing  capability.  Finally,  the 
oilot  partially  compensates  for  this  unfavorable  environment  by  readjusting 
rJ:  LaniSle  elLents  of  his  response  behavior.  Thus,  in  general,  a  reher 
comprehLsive  set  of  models  will  be  required  in  order  to  allow  the  ^s^lts 
of  Le  set  of  experiments  to  be  extrapolated  to  different  experimental 

situations. 

The  "optimal-control”  pilot/vehicle  model  appears  to  have  a  structure 
that  allows  one  to  predict  adaptive  changes  in  tracking  response  strategy 
that  accompany  whole-body  vibration.  This  model  has  been  applied  success¬ 
fully  in  previous  studies  of  vibration/ tracking  [2-4]  and  forms  the  basis 
for  the  mapping  procedure  outlined  in  this  paper. 

The  strategy  adopted  for  this  research  study  was  basically 
(1)  verify  the  linearity  of  biodynamic  response  mechanisms,  (2)  determine 
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the  relation  between  biodynamic  response  and  pilot-related  model  parameters, 
and  (3)  demonstrate  a  method  for  using  the  optimal-control  model  to  predict 
tracking  performance  as  a  function  of  vibration  parameters. 


DESCRIPTION  OF  EXPERLMENTS 


Experimental  apparatus  and  procedures  were  similar  to  those  employed 
in  the  previous  study.  Therefore,  only  a  brief  description  of  experiments 
is  given  here.  Readers  desiring  additional  details  on  mechanization  of  the 
tracking  task  and  vibration  inputs  are  referred  to  [3]. 

The  tracking  task  consisted  of  a  single-axis  compensatory  task  with  K/s 
controlled-element  dynamics.  The  tracking  input  was  constructed  by  summing 
five  sinusoids  of  random  phase  relations  with  amplitudes  selected  to  approx¬ 
imate  a  first-order  noise  process  having  a  break  frequency  at  2  rad/sec. 

This  disturbance  input  was  added  to  the  pilot's  control  input  to  simulate 
a  vehicle  distrubance.  Fore-aft  motions  of  the  control  stick  resulted  in 
vertical  motion  of  the  tracking  error,  which  was  displayed  on  a  CRT. 

The  test  subject,  control  device,  and  display  were  located  on  the 
vibration  table.  Tracking  response  in  the  following  vibration  enviroMents 
was  explored;  (1)  single  sinusoid  vibration  at  2,  3.3,  5,  7,  and  10  Hz; 

(2)  sum-of-sines  vibration  having  equal  acceleration  components  at  2,  3.3, 

5  7  and  10  Hz;  (3)  random  continuous-frequency  vibration,  with  the 

driving  noise  filtered  in  such  a  way  as  to  approximate  a  flat  acceleration 
spectrum  over  the  range  2-10  Hz. 

Nominal  rms  vibration  amplitudes  of  0.15  g  and  0.3  g  were  explored  for 
all  environments;  in  addition,  0.2  g  rms  was  explored  for  random  vibration. 

All  vibration  was  vertical  (i.e.,  z-axis) . 

Two  control  sticks  were  used  in  this  study,  a  "spring  stick  having  a 
spring  constant  of  7.5  Ibs/inch  and  a  "stiff  stick"  having  a  spring  constant 
of  130  Ibs/inch.  The  control  stick  was  always  located  in  the  center  position. 

Seven  subjects  participated  in  all  of  the  experimental  conditions  and 
provided  the  data  base  summarized  in  this  report.  An  accelerometer  mounted 
on  the  subject's  shoulder  permitted  measurement  of  vibration  transmitted  to 
the  body.  Accelerometers  mounted  on  a  bitebar  held  between  the  teeth  pro¬ 
vided  measurements  from  which  head  translational  and  rotational  accelerations 

could  be  computed. 

Each  data-taking  session  consisted  of  a  series  of  six  trials  lasting 
approximately  2  minutes  each.  Rest  periods  were  provided  between  successive 
trials  as  desired  by  the  subject.  (A  30-second  rest  period  was  typical.) 

Each  session  consisted  of  one  static  trial  and  five  trials  under  different 


vibration  conditions.  Presentation  of  experimental  con-^tions  wa^  b-lar.w*^ 
across  subjects  to  minimize  bias  in  the  results  due  to  learning  effects. 


By 
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“bratioi  condition  once  tot 
each  of  the  two  control  stick  configurations. 


experimental  results 


Biodynamic  Response 

Kce  eccelerntlon  scores  tor  shonlde.  ''-J -^cSre f^tcnrlflcU 
nccoss  the  seven  blodynanlc  response.  No  stalls- 

configuration  (i.e.,  st  regard  to  stick  configuration  were 

tlcally  sisnlficant  differences  h  control  response, 

^"thfrTanr-«  s^ 

^^®''''%iaii^r’'^MSn"ras'’shoulderan5‘'Lad  SLSatloraccelSations 

=  trr  "c^^trot  Sgu^tlons  are 

platform  acceleration.  Data  f  through  least-squares 

lumped  in  this  .,traieht-line  fits  to  the  data  that  pass 

regression)  indicate  ^  ^  fits  lie  within  one  standard  deviation 

through  the  origin.  In  fir  is  especially  good  for  the  rms 

:LSLrrccSSfiorrich%ee^^  to  be  the  most  critical  biodynamic  vari- 
Xu  with  regard  to  predicting  tracking  performance. 

Describing  functions  relating 

are  shown  in  ^^8ure  2  f or  t  e^pr  n^  ^i^^^ri^n  spectra  (random,  sum-of-sines 
Measurements  from  the  ^  the  0  3  g  input.  The  single-sine  des- 

UVwosltc  of  the  itequcncy-tcspoos.  measures  ebtaloed 
SliSually  at  each  of  tbe  five  vibration  frequencies. 

Except  possibly  for  a  ^Igf^Pgnces^in'^respOTL  behavior 

vibration  Input,  there  were  no  consistent  «“®®®“®“;j.,,4 

across  the  three  depends  only  on  amplitude  ratio),  we  can 

correlated  response  power  (whi^  depends  oniy^^^ 

consider  this  response  m^an  .  important  differences  between 

platform  vibration  spect^^  measurements,  however,  since  feedthrough  is 
spring-stick  and  stiff  stl  biomechanical  configuration  and 

ISSi^tlS  ^^^rSreriftS  sS'^:  :^ch„lc.l  l.pcd.nco  and  electrical 

gain. 

«.  conclude,  therefore,  that  couplln,  ‘®^f  'nrsSerT' 

can  be  treated  ®®  tar2pect  to  predict  response  to  complex 

J;b“lj;ts“r«e'lSls'1f  expSments  maoe  ulth  slnsle-slnusolu 
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Figure  2.  Effect  of  Vibration  Spectrum  on  Control/Platform 
Describing  Functions 
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vibration  (and  vice  versa).* 


Figure  3  shows  that  the  spectral  content  of  the  platform  vibration  had 
4  rent  effect  on  the  shculder/platform  describing  function.  Vibration 
”  th,c  tM.  bic^yn^ic 

response  mechanisms  is  basically  linear. 


Describing  functions  relating  hr^d  translational 
accelLation  showed  a  similar  degree  of  invariance  across  vibration  param 
The  relationship  between  head  rotation  and  platform  was  a^o 

lareeiv  invariant  to  vibration  parameters,  except  for  the  amplitude  ^^tio 
largely  in  freauency  (2  Hz).  Figure  4  shows  that  the  amplitude 

at  the  lowes  cnectral  complexity  increases  from  single-sine  to  random. 

<12  «)  am  a.aciatlcall,  .i,«.flca.t. 
Analysis  of  variance  shows  that  the  differences  between  single-sine  and 
rtf-o-tno  measures  and  between  sum-of-sine  and  random  measures,  are 

at  the  0  05  level.  (Differences  in  phase  shift  at  2  Hz  were  not 
®<!nJficanJ  )  Apparently,  the  subjects  "predicted”  the  2  Hz  vibration  input 
Aid  SAreby'UtiAlly  compensated  for  head  motion  response.  As  e^«ted, 
predictive  capability  diminished  with  increasing  spectral  complexity. 


If  the  biodynamic  response  mechanisms  described  above  are 
should  be  possible  to  use  the  frequency-response  curves  obtained  with  any 
vibration  spectrum  and  predict  rms  response  motion  for  any  other  vibration 
«n@ctrum  (within  the  range  of  amplitudes  and  frequencies  for  which  the  data 
A?:  Sd)^  5A  gAeAtest%racticmi  interest  is  the  ability  to  extrapolate 
from  measurements  obtained  in  single-sine  vibration  environments  to 
predictions  of  response  in  complex  vibration  environments. 


Rms  biodynamic  response  scores  were  predicted  for  (a) 
correlated  control  input,  (b)  shoulder  acceleration,  and  (c)  bead  trans 
lation  for  each  of  the  five  (three  random,  two  sum-of-sines)  complex 
platform  spectra  explored  in  this  study. 


Extrapolation  of  single-sinusoid  measurements  was  perforaed  as  follows. 
Riodvnamic  transer  functions  obtained  from  single-sine  experiments 
(averaged  over  vibration  amplitude)  were  cascaded  with  the  complex 
vibration  spectra  to  yield  predicted  response  spectra.  For  sum-of-sines 
vibration  estimates  of  response  power  predicted  at  each  measurement 
frequency’ were  summed  to  yield  predicted  mean-squared  response  power.  For 
random  platform  vibration,  the  predicted  response  power  spectral  density 
StAgrated  over  the  frequency  range  2-10  Hz  to  predict  mean-squared 


*Until  further  data  are  obtained,  predictions  are  restricted  to  steady- 
state  vibration  inputs.  One  is  not  justified  in  extrapolating  these 
results  to  pulse-like  acceleration  inputs,  for  example. 
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Figure  3.  Effect  of  Vibration  Spectrum  on  Shoulder/Platform 
Describing  Function 
Average  of  7  subjects* 


0.3  g  nns  platform  accelen-tion 
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Figure  4. 
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Relating 


Vibration  Spectrum  on  Describing  Functions 
Head  Rotation  to  Platform  Acceleration 


Average  of  7  sat 


2 

Q  dE  “  i  ^  Taiiaa/sOi-  /r$* 


r.sp».s.  P»or..  S,oare  root,  o£  those  prodictloo,  wore  petfood  to  obtol. 
estimates  of  rms  response. 

Predicted  end  «asured  m,  STHlc; 

Heed  eed  rOoelder  response  scores^.ve  ^eo  | 

“:rer5rtltl“es=1:er'irrctlo^l  “*• 

Tracking  Performance 

Hrror  and  control  scopes 

plotted  versus  increase  monotonically  with 

trends;  (1)  error  and  control  score control  score  is  more 
increasing  vibration  amplitu  ,  (  less  for  the  stiff 

nirtS;  Tor  s“',pSif  ;rich  in  r- -tir— s:r.t“r 

‘-rislS%-  SSSS  :SUSlh‘%iSro^  the  eerller  ntndP  ol 
Levison  and  Houck  [3] . 

e  ,««n,.lated  with  single-sine  vibration  were  generally 
The  error  scores  associat^  8  However,  actual  rms 

larger  than  scores  associated  witn  co  p  -  sinele-sine  experiments 

platform  vibration,  levels  were  ^fc^^at  larger  vibrSion 

than  for  complex-vibration  “^"e-griy  conclude  from  these  results  that 

rsieilc  rt:S«^n“trriK:Sv  dl,tnptlv.  thn»  .«wle, 

vibration  Inputs. 

a  „„frr,l  scores  were  compared  against  various  biodynamic 
tos  error  response  variable  (excluding  stick 

response  measures  to  det  ‘  -juie  for  the  degradation  of  tracking  per- 
feedthrough)  most  likely  CompSLoS  were  made  with  (a)  rms 

formance  in  vibration  env  -houlder  velocity,  (c)  rms  rate-of-change 

shoulder  acceleration,  estimated  rms  relative  notion  between 

of  shoulder  acceleration,  and  (d)  from  single-sine  vibration 

eye  point-of-regard  and  P  y  inspection  of  these  comparisons 

trials  were  used  in  J®.  grror  (or  control)  and  blodynamic 

IVsvtfe  fariafle  Tas  most  nearly  monotonic  when  shoulder  acceleration 
vds  considered* 

H,Utl»n,hlp,  hpc»„h  tracking  fedSroigrhirbir'*” 

tirconUPl^^cprS^hoUn  In  thi,  figure,  sine,  un  «,  l.ter«t«l 


.Srralght-un.  InturpoUtlun  Purfu-d^ 

infa»SrSaSaflJro;L“he  .ntlre  range  of  .ee,ure«nt  fre.p.encl.. 
was  then  performed. 
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PREDICTED  RMS  SCORE 


1^ 


measured  RMS  SCORE 


Figure  5.  Comparison  of  Predicted  and  Measured  Rms  Scores 
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^  -1  .  i-he  effect  of  vibration  on  tracking  response  behavior, 

here  primarily  in  the  variables  and  the  other  biodynamic  variables 

Relationships  between  ^  j^to  show  less  structure  than  the  relation- 

considered  (not  shown  f  tentatively  concluded  that 

ships  .^J|“f®re;ce^ith  tracing  performance  is  associated  primarily 

motor-related  ~  of  course,  be  other  response 

with  shoulder  ^say,  elbow  acceleration)  that  correlate 

variables  not  explored  in  this  study  isay,^^  reliable  pre- 

dl«i»5"ot\~cklnrp«£o™»'=«  °°  ““  'J*' 

acceleration* 

Thp.  effects  of  Vibration  on  frequency-response  measures  are  typified 
The  effec  --„a-es  static  performance  with  performance  in  the  0.3  g, 
by  Figure  8,  which  P  .  ^  Results  are  for  the  spring  stick  con- 

sum-of-sines  vibration  _Via«e  shift  refer  to  the  pilot  describing 

figar.a.n.  (if “5tl)  S  error  (volt.)l 

function  and  relate  con  related  stick  power  to  input-correlated 

"rem/cor"  is  the  ratio  of  remnant-related  stlcfc  power  t  v 

stick  power  at  each  input  frequency.* 

I„cr..elng  the  r...  pl.rfor.^ecceler.cio»jr» 

produced  the  foUowlng  g  ^^^  teealeed  neatly  constant  at  6.3  tad/sec, 
frequencies  e  •  (2)-phase  lag  increased  at  6.3  and  lO'S 

and  increased  at  10.5  rad/se  •  J  increased  at  all  frequencies.  On  the 
rad/sec;  (3)  remnant  greater  for  the  0.3  g  plat- 

whole,  deviations  from  environment,  and  vibration  effects  were 

form  acceleration  f JL^for  spring-stick  tracking.  The  single- 

lino  vibration  I  f^rafgrLtor’of (act  thin 

r»f —n^larflllf  fe“l~?roapona.  .o.aurea  ara  alallar  to 
those  found  by  Levison  and  Houck  [3]. 

Hodol  aaalyals  aalag  [e'litf  prr«d°™'t.r,.a 

a„  that  vlhratlon-laducad  “^1110100.  A 

“olcf  dTrdaf-SL'of  the  pll.t/atlch  Interface  «aa  l.cluded  1,  the  das- 
cription  of  system  dynamics  as  described  in  [5]. 


Static  tracking  results  were  first  matched  to  provide 


a  baseline  set 


.  j,  the  inout-correlated  and  remnant- related  spectra 

rutd'f  1f‘thrtf cSnr^ffaf f to.  «ere  contlnp  rather  than  ou^of- 
sines.  Details  of  this  computation  are  given  in  [  ]. 

Th^f  faf  5  fe^nf  Uf 'rih^ef  of  Spaf  ^ 

of  6.3  and  10.5  rad/sec  have  ao  spet-iax  sxbuxxxx-ui-c. 
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FRFIOUENCY  ( RAD/SfIC) 


Figure  8.  Comparison  of  Measured  and  Model  Frequency-Response 
Measures,  Spring  Stick 
Sum-of-sines  vibration. 


f 


ototlc  rosolc.  «  !!“1SL  f".ocor  So  conotaSf  of  O.l  oooo.d.,  on 

*21  a.,  ona  a  .otor  nofoof.Unol  rotlo  of 

0.004  (about  -30  dB). 

^  ™  onf  «<nes  0  3e  vibration  data  were  tho.n  matched  to  determine  the 

rj’noLo/si^ol  -10.  Tl^^aolo,  .»  iocroo-  -  0.2  ^oo^a..^^  ~lor 

noise/signal  chanaes  allow  the  pilot/vehicle  model  to  reproduce 

SlTroia  S*cho%ro,o.ncy-aooioln  tosolts,  ana  both  ortor  ana  c^ttol  .core. 
(rtoi^Stchar  on)  ato  roptoaoooa  to  nlthln  an  aooorao,  of  aboot  5J. 

onto  tha  0.3.  aat.  wota  tatchaa,  tha  O.lSg  aon-of-slnaa  raaolta  .«a 
1  °  Lteriine  the  appropriate  relationships  between  pilot  parameters 

analyzed  to  \  linear  variation  of  both  time  delay  and 

“SaSSri  SloStSSSouta  r  ac^  Ptoviaaa  a  gooa  aatah  to 

Sa  aS  aia  -SStaa  fot  tha  upping  ptooaaura  ootUnaa  In  tha 
following  section  of  this  paper. 

The  increment  in  time  delay  for  0.3  g  vibration  was  the  However 

found  by  ®"t?i2io  Ls  only  ^H  tLt  found  in  the  earlier  study, 

aid  irilsiif Sfiitrwere  found  in  this  study.  These  differences  may  well 
i  Siehir  livel  of  subject  familiarity  with  the  vibration  environment 
=ridv  First  of  all,  the  experimental  program  was  completed  in  a 
in  this  j  at  than  in  the  Levison  and  Houck  study;  thus,  there  was 

SiLis~nS 

^SrSa^tlSMaSnrpJir 

begin  this  experimental  program  in  a  high  state  of  trainl  g 


mapping  among  vibration  environments 


A  general  model  structure  is  described  below  which  is  intended  for 
?  1  In  3  varietv  of  control  situations*  In 

predicting  8  P  effects  of  vibration  amplitude  and  spectral  shape 

p  Srf  L^hlSs  in  this  report)  .%he  .,...1  ten  predict 
eH  feectlL  of  (e)  .ehlcle  dyoeelce.  <«  -cklhg  Ih^t 

^hlra^rlstics  (c)  control-stick  characteristics,  (d)  display  gain, 
characteristics,  v  ;  attention  to  the  task.  Numerical 

response  par^ter^are  relationships  meat  be  considered 

iiud“S  tor““rls  vibration  end  tor  the  specific  blod,n«tfc  conflgnretKn. 
explored  in  this  study. 
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VdlflStit:  Lf  dLnstrdClo.  of  the  ^PPUS 
follows  the  discussion  of  the  basic  model. 


Model  Structure 

An  outline  of  the  model  aructure  is  diagrammed  in  Figure  9.  This  model 
■j  I-  of  the  oDtimal-control  pilot/vehicle  model  referred  to  above,  plus 
consists  of  the  .  feedthrough”)  to  account  for  control  inputs 

u«:  ufeS  S  pi  ut™  ^Supp.  V  ,l.,.ucitp  Pf  «y«‘tip.  .. 

rSIsIe-ve'l.ble  trecUPS  t..k:  ppcppsIpp  pf  the  ~d.l  tp  -ltd- 

input,  multi-control  systems  is  straightforward. 

Input  variables  shown  in  Figure  9  are  the  tracking  input,  i. 

r‘°‘iLfp”r"  ubCipriSru.^^^^  th.  pupt-.  pp.ttpi  fprc 

Il-the  eLpttdcpd  cPPtrjJ /^rtlSSIfpshl  t  -"11^  ^.I -Upf I.P«t. 
r”I”m‘2“thi  su.  pE  the  ttacklpg  apd  feedthrppgh  pppttpl  cpapepepta.  (Me 

“T  ir  "'/e"t“tii  pi-  irpriiiicS  sicbtrr'  “• 

reliSIppgh-rluted  Eppeta.)  Et^ 

Ii:r™  »r;elXt.I™I-  E-  .  .E"S>  ettpt  dpdipatpt  (10.  U, 

The  reader  is  directed  to  the  literature  for  detailed  math^atical 
discuS^rof  the  basic  optimal- control  model  16,  7j. 

parameters  and  relevant  biodynamic  response  properties  are  reviewed  b 

Ti-ie  delav  The  following  empirical  relationship  was  found  in 
IS  W.llio.isa,.  eLte  I  is  the  pllpfs  eEEe=tl.p  tta 

delay  in  Lconds,  and  ct^  is  the  rms  shoulder  acceleration  in  g  s. 
nh^^^^lon  Nols;.  In  the  ideal  display  situation,  each  c^^ent 
S  LservaU^n  noise  vector  v^  scales  with  the  corresponding 
rms  variance  of  the  corresponding  display  quantity. 
situations,  threshold  and  residual  noise  components  must  also  be 
Is  dpspribed  iP  (5,  8.  91.  These  “ 

albeit  inconsistent  -  that  degradation  of  visual  infor^tion 
due  to  vibration  can  be  represented  as  an  Increment  in  the 
residual  noise  variance.  Levison  and  Houck  obtained  a  good 
111111?;  SlerlmePEsl  dphs  by  settlpg  the  r.sldp.1 
(associated  With  perception  of  indicator  displacement)  ^ual 
M  the  estimated  variance  of  the  relative  displacement  beween 
U  Point-of-regard  and  display  [3].  On  the  other  hand,  best 
results  were  obtained  in  this  study  by  ignoring  visual  effects 
altogether  Clearly,  additional  study  is  needed  to  determine 
hL  Lad  and/or  eye  movements  interfere  with  acquisition  of 
visiially-piTesentad  irAfonnatiorA  in  n  trnc — ng  t— *  • 
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Pilot  Model 


Figure  9. 


Outline  of  the  Model  Structure 


Motor  noise.  Th.  following  eopltlcel  teletlon  .ns  fo^d  In  this 

ZIZ  ;ro“sul!t!Vr^Tt%I«rs-vlrUhl..tr«hl^  U.U 

In  which  excessivTcontrol  forces  are  not 

will  adopt  a  control  strategy  appropriate  to  . 

lighted  sum  of  error  and  control-rate  variances. 

“SJlng  on  contrel-rnte  .nrl^^^^^^^^ 

Li:ur.rt5«  ^  »t’th.  .md, ..  u.i»n 

and  Houck  [3] .  indicate  that  motor  time  constant  is  not 
affected  bv  Z-axis  platform  vibration. 

<;tirk  Feedthrough.  "Stick  feedthrough"  is  defined  as  the 
oortLnoroL.'t-fel  motion  that  Is  llneatl,  tnlated  to  the 
^larform  vibration  due  to  biomechanical  coupling.  Once  the 
're1S"shS  between  platform  .Ihratlon  control  rejons. 
has  been  determined,  the  contribution  of  feedthrough  to 
error  and  control  variances  can  be  predicted  *  given 
platform  vibration  spectrum  as  described  in  the  literature 

13-51. 


The  Mapping  Procedure 

Because  of  the  limited  data  base  available  for  validation,  the 
lenerality  of  the  mapping  procedure  is  restricted  to  the  follwing 
lltuations'  (1)  the  tracking  task  is  single- input,  single  outpu  , 
fi^  vibStion  occurs  at  frequencies  beyond  the  effective  man/machlne 
(2)  vibration  occur  is  applied  in  a  single  linear  axis.  All 

orthMe  assumptions  simplify  the  mapping  procedure.  In  particular,  if  the 
of  these  the  ollot  will  not  effectively  track  out  the 

Sredilsd  by  vlbtscion  f.edthrosgh.  Thms,  «  can  cosput. 
due  to  feedthrough  separately  fro.  .atlance  scores  related 

to  the  tracking  input  and  combine  the  results. 

For  numoses  of  demonstration,  assume  that  a  series  of  single-sine 
dKrafinn  exneriments  have  been  performed  and  that  we  wish  to  extrapolate 
thdsea  results  to  a  specific  complex  vibration  environment.  (The  proc^ute 
forittapolatlag  from  complex  to 

identical.)  The  mapping  procedure  is  outlined  in  Figure  10. 

Tracking  performance  in  sum-of-sines  and  random  vibration 
^  L  the  basis  of  the  single-sine  vibration  results  obtained  in 

“Z  SS  ^tj:.Sal  P~gt»  desctlhld  above.  The  tollortag  procedure. 
SlcJ^hSurparall'ls  the  mapping  schmse  defined  In  Figure  10,  .a. 
employed; 

1.  Static  tracking  results  were  first  analyzed  to  detemine 
Pilot-related  model  parameters.  Parameter  values  obtained 
in  the  Levison  and  Houck  study  [31  provided  a  good  match  ; 
to  static  performance  in  this  study. 
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Deteraine  biodynamic  transnissibility 
from  single-sine  experiments 

_ 

Determine  pilot  parameters  Independent 
of  vlbratl')n;  determine  relation  between 
vibration-dependent  parameters  and  tms 
shoulder  acceleration 

L  - - 

_ 

- - 1 

Define  complex  vibration  spectrum  and 
dynamics  of  tracking  task 

. .  '  - - 

_ ^ 

Z _ _ _ _ 

Predict  vibration-correlated  control 
and  error  variance  scores 

V,.  ' '  - - 

_ ^ 

- - - - 

Predict  rms  shoulder  acceleration 

1.1  - 

\ 

.Z _ — - - 

Determine  time  delay  and  motor 
noise/signal  ratio 

\ 

liZl _ _ _ — -n 

Predict  trad 

cing  performance  j 

Combing  tracking-  and  vibration- 
related  variance  scores 


np.r.  10.  Mappins  SlPgl-SIn.  to  Co..pl«  Vlbrotlo.  E.,lr<««ot. 


loot 


I  ^ 

r 

I  ' 
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2.  The  sun-of-sines  results  were  matched  to  determine  the 
relation  between  vibration-dependent  pilot  parameters 
(time  delay  and  motor  noise)  and  biodynamic  response 
parameters.* 

3.  Biodynamlc  describing  functions  obtained  with  single-sine 
vibration  (averaged  across  g  levels  as  well  as  across 
subjects)  were  used  to  predict  rms  shoulder  vibration 
and  vibration-correlated  control  variance  for  the  sum- 
of-slnes  and  random  vibration  spectra.  Variance  scores  ^ 
for  the  sum-of-sines  environments  were  predicted  by  simply 
adding  the  platform  spectrum  (in  dB)  to  the  appropriate 
transfer  magnitude  (in  dB),  transforming  to  absolute  units, 
and  summing  across  frequencies.  A  curve-fitting  procedure 
was  needed,  however,  to  perform  frequency-domain  integrations 
required  for  random  vibration  inputs.  The  single-sine 
transfer  magnitudes  were  cascaded  with  the  power  density 
levels  of  the  platform  acceleration  at  the  five  measurement 
frequencies;  piecewlse-linear  approximations  to  the  resulting 
power  density  spectrum  were  made  on  a  log-output  versus  log- 
frequency  basis;  each  straight-line  segment  was  integrated 
analytically;  and  the  results  were  combined  to  yield  the 
variance  (and  rms)  of  the  biodynamic  response  variable. 

4  The  remainder  of  the  mapping  procedure  defined  in  Figure  10 
was  carried  out,  except  that  the  computation  of  vibration- 
correlated  error  was  omitted  because  of  its  small  contribution 
(generally  less  than  2%)  to  total  error  variance. 


Rms  error  and  control  scores  predicted  in  this  manner  are  compared  with 
experimental  results  in  Figures  11  and  12  for  the  spring  and  stiff  stick 
configurations,  respectively.  Also  shown  in  this  figure  are  the  standard 
errors  for  each  of  the  experimental  measures.  Model  predictions  reproduced 
the  trends  of  the  data  quite  well,  generally  falling  within  one  standard 
error  of  the  aean. 


The  reverse  mapping  is  also  demonstrated  in  [51*  in  which  results  of 
the  sum-of-sines  vibration  conditions  are  extrapolated  to  single-sine  vibra¬ 
tion  inputs.  Again,  predicted  rms  error  and  control  scores  were  within  one 
standard  deviation  of  the  experimental  means. 


*0ne  of  the  objectives  of  this  analysis  was  to  determine  as  reliably  as 
possible  in  the  empirical  relation  between  pilot  parameters  and  biodynamlc 
resoonse  in  a  complex  vibration  environment.  Therefore,  the  sum-of-sines 
data  were  used,  rather  than  the  single-sine  data  that  would  have  been  used 
in  a  pure  demonstration  of  the  mapping  procedure. 
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Figure  11.  Measured  sad  Predicted  Performance  Scores  for 
Spring-Stick  Configuration 

Average  of  7  subjects 
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Figure  12.  Measured  and  Predicted  Performance  Scores  for 
Stiff-Stick  Configuration 

Average  of  7  subjects. 
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SUMMARY 


n.  results  of  the  study  documented  in  (51  na,  be  sun,m.rlted  e.  toll»«i 

»e««“wlored  In  this  study.  R.S  shoulder  end  head  acceleration 
^  1  inear Iv  with  nns  platforni  acceleration*  In 

addition  describing  functions  relating  control  input,  shoulder 
l"ruS;io“  Ld  hlad  translational  and  rotational  accelera^ns 
“"Stfom  Icceleratlon  were  largely  Independent  of  the  p.ren- 
eters  of  the  platform  vibration. 

-Erects  of  Stiak  Shoulder  and  head  response  to 

;ut5or.  Vibration  uas  Independent  of  /"r.'ttH’saS 

feedthrough  was  considerably  more  severe  for  the 

leeatatu  b  _  Although  static  error  scores  were 

than  for  the  JP  ‘  ^  ’vibration  induced  a  relatively  greater 

ISrei::  S;  stiff-stich  than  for  the  spring-stich 

tracking  tasks. 

St-'’'-k  Feedthrough.  Stick  feedthrough  for  the  stiff  stick  was 
^ fn'’that  obtained  in  a  similar  experimental  situation  by 
t“iLn  and  Houck  [3];  feedthrough  for  the  spring  stick;  however, 
was  considerably  less  than  that  in  the  prior  study. 

T/--Snv.tyfyo«  TytTer^'erenoe  Effects.  Feedthrough  accounted  for  a 
negligible* fraction  (2%  or  less)  of  the  tracking  error  variance. 

?n  tims  of  the  pilot/vehicle  model  employed  in  the  analysis, 

Se  important  effects  appeared  to  be  an  increase 
Slated  remnant  and  time  delay.  Both  the  motor  noise/signal 
ratio  and  time  delay  appeared  to  vary  linearly  with  r^  shouldet 
acceleration.  Ho  interference  with  visual  processes  was 
identified. 

:^avping  Procedure.  A  model-based  mapping 

and  verified  for  extrapolating  the  results  of  single-sine 
“brItIL/tracking  experiments  to  complex  vibration  environments. 
Mapping  in  the  reverse  direction  was  also  verifie  . 

Because  we  lack  models  for  extrapolating  existing  results  to  other 

»v  nT„  ::i:T“rs  rir, 

r'^ficSr^rc  of  fhnc™nrKS/Lp”b?u  "S'tbu 

lying  pilot/vehicle  model  to  predict  tracking  performance  in  a  variety  of 
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control  situations,  we  expect  the  napping  procedure  to  be  useful  in  exploring 
tracking  tasks  beyond  those  studied  in  the  laboratory. 
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